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General introduction
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Bioﬁlms are complex microbial colonies developing on interfaces, usually with a liquid
phase, where the micro-organisms are nested in a self-secreted polymer matrix. These mi-
crobial communities are ubiquitous in our environment and form the slimy matter on rocks
at river bottoms, the viscous deposit in water pipes, the plaque on our teeth and the mucus
in our lungs. The bioﬁlm mode of growth is well-established in the scientiﬁc community and
is starting to conquer the general public, replacing the idea of free-ﬂoating bacteria. These
microbial communities play a crucial role in many environmental processes and their eﬀects
vary from desirable, through bothersome, to disastrous, depending on where they are formed
and on their microbial speciﬁcities [89, 134]. For example, desirable eﬀects are the activities
of bioﬁlms accumulated in wetlands [167] and in the trickling ﬁlters used in wastewater treat-
ment plants [22, 99] where bioﬁlms remove organics and pollutants from water. Examples of
undesirable eﬀects are bioﬁlms accumulated in cooling towers or other heat exchangers where
they increase heat transfer resistance [134], they can also be responsible for the contamination
of water distribution pipelines [132, 213]. Finally, bioﬁlms having disastrous eﬀects are the
ones developing on implantable prosthetic devices where they can cause serious illnesses to
the death of the infected patients [81, 134, 198].
Bioﬁlm formation begins when microorganisms attach to a surface under suitable - and
usually strain dependent - nutrient and ﬂow conditions. Some substrates are more favourable
to microbial attachment which is the case of porous media as they oﬀer a higher surface to
volume ratio. Any material, whether biotic or abiotic, which contains a network of ﬂuid-ﬁlled
voids can be considered as being a porous medium. This is the case of most materials in
our environments let it be soil, rock, sand, wood, sponges and even our body (intestines,
lungs, capillary networks and bones to name a few). Many engineering applications are
dependent on processes involving the growth of bioﬁlms in porous media, notably soil bio-
remediation [78, 184, 216], CO2 storage, bio-ﬁlters [190], understanding the fate and transport
of nanoparticles in our environment [112], self-healing concrete [114] and microbial enhanced
oil recovery [9]. Bioﬁlms developing in porous media alter the porous structure’s mechanical
properties by decreasing the pore size and modifying porosity distribution which consequently
inﬂuence mass and momentum transport. The bioﬁlm colonisation cycle as it spreads and dies
through a porous structure has been shown to be strongly dependent on the hydrodynamical
conditions. In turn, the presence of the bioﬁlms also inﬂuences the ﬂow paths along with
mass and momentum transport on which it is dependent for nutrient availability. These
various interplays between bioﬁlm colonisation of a porous structure and hydrodynamical
growth conditions are still poorly understood, especially the retroactive eﬀect of ﬂuid ﬂow
and biomass accumulation. Other aspects are the eﬀects of hydrodynamics on the distribution
of microorganisms in the porous medium and the multi-scale nature of many phenomena. For
example, how the restriction of ﬂow in a small pore aﬀects global ﬂow or how bioﬁlms develop
in heavily polluted environments, are open questions. Research on these fundamental aspects
are limited because currently used imaging methods do not enable direct observation of the
bioﬁlms 3D architecture inside the porous medium. Also, the multiple parameters involved
in these phenomena are complex to experimentally reproduce and monitor.
The main objective of this work is to propose robust and reproducible experimental
methodologies for the investigation of bioﬁlms in porous media. An experimental work-
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bench under controlled physical and biological conditions is proposed along with a validated
3D imaging protocol based on X-ray micro-tomography using a novel contrast agent combin-
ing barium sulfate with agarose gel to quantify the spatial distribution of the bioﬁlm. The
present document is divided into four chapter: ﬁrstly, we shall present a state-of-the-art of
the principal characteristics of bioﬁlm growth in porous media and then narrow our focus
on the imaging and experimental aspects. In the second chapter, we will present a complete
protocol for 3D imaging of bioﬁlms in porous media using X-ray micro-tomography. In the
third chapter, we shall describe the experimental workbench that we have elaborated and the
investigations it unlocks. In the last chapter, we present the ﬁrst results obtained with this
workbench as we assessed the eﬀect of ﬂow velocity of the temporal growth of bioﬁlm in a
3D-printed porous structure. At last we shall discuss the contribution of this work and the
perspectives it brings for future studies.
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Chapter I
Exploring microbial growth in
porous media
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1The world of biofilms
Contents
1.1 Ubiquity of biofilms in our environment . . . . . . . . . . . . . . . . . . 7
1.2 First insights into microbiology . . . . . . . . . . . . . . . . . . . . . . . 8
1.3 Bacterial biofilms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.1 Ubiquity of biofilms in our environment
Many micro-organisms like bacteria, archaea, fungi and some eukaryotic cells like diatoms,
have the ability to stick to surfaces and form complex colonies where they are nested in a self-
produced polymer matrix [44, 46, 89]. These micro-niches are termed bioﬁlms and develop at
the interface between two phases like air-liquid [189, 230] and mostly solid-liquid where they
form on any type of natural and artiﬁcial surfaces, for example, in soils and aquifers [25, 113,
188], on organic substrates like skin [162], our digestive track [142] as well as plants’ roots
and leaves [54, 221] and in industrial processes (for instance pipelines [132, 157] and ship hulls
[209, 237]) and medical devices like prostheses and catheters [48, 79, 81].
Figure 1.1: Left: epiﬂuorescence microscopic image of a poly-microbial bioﬁlm grown on a
stainless steel surface in a laboratory potable water bioﬁlm reactor [64] and right: scanning
electron micrograph of a staphylococcal bioﬁlm on the inner surface of an indwelling medical
device [64] (scale bars 20 µm).
These microbial communities play a crucial role in many environmental processes and
their eﬀects vary from desirable, through bothersome, to disastrous, depending on where
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they are formed and on their microbial speciﬁcities [89, 134]. For examples, desirable eﬀects
are the activities of bioﬁlms accumulated in wetlands [167] and in the trickling ﬁlters used
in wastewater treatment plants [22, 99] where bioﬁlms remove organics and pollutants from
water. Examples of undesirable eﬀects are bioﬁlms accumulated in cooling towers or other heat
exchangers where they increase heat transfer resistance [134], they can also be responsible
for the contamination of water distribution pipelines [132, 213]. Finally, bioﬁlms having
disastrous eﬀects are the ones developing on implantable prosthetic devices where they can
cause serious illnesses to the death of the infected patients [81, 134, 198]. Also, most chronic
infections of the human body whether oral, lung, urinary and vaginal, are due to bacterial
bioﬁlms [45, 90, 213].
In the next paragraphs we shall detail several aspects of bacterial bioﬁlms as they are
studied in this work. We shall describe some bacterial properties, bioﬁlm development stages
and their response to their growth environment. A complete description of bacterium genus
is beyond the scope and the following paragraphs are an introduction to several bacteriology
features that might improve the understanding of developed research.
1.2 First insights into microbiology
1.2.1 Bacterial generalities
Bacteria are a large domain of prokaryotic organisms (bacteria and archaea), their size
vary from 0.14 µm to a maximum of 10 µm. Prokaryote can be spherical (cocci) or rod (bacilli)
shaped, spirochaete (spiral) or vibrio (comma) shaped to name a few [187]. They can also form
diﬀerent arrangement: chains, pairs, grape-like clumps, and more. The distinction between
bacteria and archaea lies in diﬀerences in their structure and genetics whose description is
beyond this work. Bacteria can be divided into two major groups based on their response
to the Gram-stain procedure. Gram-positive bacteria stain purple, whereas gram-negative
bacteria are coloured pink or red. The diﬀerence between these two groups is their cell wall
structure [203, 233]. Gram-positive cell wall consists of a single 20 to 80 nm thick homogeneous
layer of peptidoglycan lying outside the plasma membrane. Peptidoglycan is an enormous
mesh-like polymer composed of many identical subunits (it contains sugar derivatives and
several diﬀerent amino acids). The gram-negative cell wall is more complex; it has a 2 to
7 nm peptidoglycan layer covered by a 7 to 8 nm thick outer membrane. Because of the
thicker peptidoglycan layer, the walls of gram-positive cells are more resistant to osmotic
pressure than those of gram-negative bacteria. Also, the gram-positive bacterial cell wall
bears a negative charge [63] given by teichoic acids (polymers of glycerol or ribitol joined by
phosphate groups). Teichoic acids are not present in gram-negative bacteria, instead, their
outer membrane contains LPS - lipopolysaccharides. These are large, complex molecules
containing lipids and carbohydrates and which contributes to the negative charge on the
bacterial surface. It also has many important functions. For example, it helps stabilise the
outer membrane structure and may contribute to bacterial attachment to surfaces and bioﬁlm
formation [63, 233].
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In this thesis, we shall work with a Pseudomonas aeruginosa strain (ATCC® 10145™)
which is a gram-negative, rod-shaped bacterium.
1.2.2 Appendages
Many bacteria also have short, ﬁne, hairlike appendages called ﬁmbriae or pili which is
diﬀerent from conjugation or sex pilus. Fimbriae are helically arranged proteins subunits, a
cell may be covered with up to 1,000 of ﬁmbriae, which are about 3 to 10 nm in diameter and
up to several micrometers long. Many bacteria have about 1-10 sex pili per cell [233] which
often are larger than ﬁmbriae and around 9 to 10 nm in diameter. Some types of ﬁmbriae
attach bacteria to solid surfaces such as rocks in streams and host tissues. Type IV ﬁmbriae
are also responsible for the twitching motility [146, 233] that occurs in some bacteria such as
Pseudomonas aeruginosa, Neisseria gonorrhoea, and some strains of Escherichia coli. These
pili are situated on the bacterial cell poles [146]. Their movement is by short, intermittent
motions that can be up to several micrometers in length. Pseudomonas aeruginosa uses its
type IV pili to swim against the ﬂow in a ﬂuid ﬂow environment [185]. This is achieved
when the bacteria is oriented with the attached pili type IV pointed in the direction opposite
to the ﬂow [148, 181]. Pseudomonas aeruginosa then moves upstream along the surface by
repeatedly extending and retracting its pili [185]. This upstream motion is a direct reaction
to the shear stress near the surface and is not due to chemotaxis [181]. Pili occur on many
Gram-negative bacteria and occasionally, on Gram-positive bacteria [143] and contribute to
the hydrophobicity of the cell [128].
Most motile bacteria move by use of ﬂagella which are threadlike appendages extending
outward from the plasma membrane and cell wall. Bacterial ﬂagella are slender, rigid struc-
tures of about 20 nm across to 15 - 20 µm long. Figure 1.2 shows a bacterium with both
ﬁmbriae and ﬂagella. Pseudomonas aeruginosa also swims through ﬂuid environments using
its ﬂagella, but upstream movement occurs without ﬂagella [185].
Figure 1.2: Proteus vulgaris ﬂagella and ﬁmbriae. Image from Prescott’s Microbiology [233]
Bacteria have other external structures to the cell wall that can serve for protection as
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well as attachment to surfaces. Indeed, they produce proteinaceous structures that range
from monomeric proteins to protein complexes and include the pili and ﬁmbriae. Other
produced structures such as glycocalyx, adhesins, and invasins [126] can be used in cell adhe-
sion and attachment to solid surfaces [44], including tissue in plant and animal hosts. Some
bacteria can be wrapped in glycocalyx, like Pseudomonas aeruginosa and Streptococcus Pneu-
moniae. These extra layers confer protection against various external factors like desiccation,
as glycocalyx capsules contain large amounts of water but also protect against phagocytes by
rendering the bacterium too large to be engulfed [91]. Other protections conferred by pro-
teinaceous layers are from viruses, enzymes, toxic materials, ionic and pH ﬂuctuations and
osmotic stress [186, 233].
1.2.3 Overview of metabolism
Metabolism groups the chemical reactions occurring in the cell and is divided into two ma-
jor parts namely catabolism and anabolism. In catabolism, relatively large organic molecules
are broken down into smaller ones that can be oxidized to produce energy whereas anabolism
uses energy to synthesise large and complex molecules from smaller ones [233]. In catabolism,
the energy provided by the energy source is conserved as Adenosine triphosphate (ATP) which
is a complex organic chemical that transports energy from one reaction or location in a cell
to another [233]. All organisms need carbon, hydrogen, oxygen, and a source of electrons
[233]. When bacteria extract electrons, they transfer them to a terminal electron acceptor
in a redox reaction which releases energy that can be used to synthesise ATP. Many other
macro-molecules needed by microbes are nitrogen, sulphur, phosphorus, potassium, calcium,
magnesium and iron. Bacteria express a wide range types of metabolic types [156] and can be
classiﬁed into speciﬁc groups based on their source of energy, carbon and electrons for redox
reactions. Autotrophs obtain their carbon from inorganic sources almost solely from CO2
whereas heterotrophs use organic compounds. Light is the energy source of phototrophs and
chemotrophs obtain energy from the oxidation of organic or inorganic chemical compounds.
When it comes to electron source, lithotrophs use reduced inorganic substances such as H2S,
H2, NH3, and Fe2+, whereas organotrophs extract electrons from reduced organic compounds
[156, 236]. Depending on their energy and electron sources, autotrophs and heterotrophs bear
a certain preﬁx, for example photolithoautotrophic bacteria include cyanobacteria as well as
purple and green sulphur bacteria. Nitrifying bacteria and iron-oxidizing bacteria are ex-
amples of chemolithoautotrophic bacteria and chemoorganoheterotrophic organisms include
most pathogens. When the electron acceptor is oxygen, the organism is said to be aerobic.
For anaerobic organisms other inorganic compounds, such as nitrate, sulfate or carbon dioxide
are employed. Autotrophs CO2 ﬁxation is crucial to life on earth as it provides the organic
matter on which heterotrophs depend.
Some microbes exhibit great ﬂexibility on their metabolic types in response to environ-
mental changes, for example many purple non-sulfur bacteria act as photoorganotrophic het-
erotrophs in the absence of oxygen but oxidise organic molecules and function chemoorgan-
otrophically at normal oxygen levels [233]. Additionally, under nutrient-limiting conditions,
many bacteria have developed starvation-survival strategies enabling them to persist in the
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environment until conditions become favourable for growth [224]. Most bacterial species form
ultra-microcells - less than 0.3 µm - and go in metabolic arrest which allows the organisms
to survive for long periods of time when no suﬃcient energy for growth and reproduction is
available [152]. Some bacteria seem able to use almost anything as a carbon source. For exam-
ple, Burkholderia cepacia which can employ over 100 diﬀerent carbon compounds. Bacteria
metabolic types are employed to degrade a variety of substances. For instance, actinomycetes
which is a common soil bacteria, can break down amyl alcohol, paraﬃn and even rubber.
Several bacterial metabolic reactions are important ecological processes like denitriﬁcation
and sulfate reduction [41].
Pseudomonas Aeruginosa used in this work is a facultatively anaerobe and a chemoorganoheter-
otrophic bacterium.
1.2.4 Reproduction
Prokaryote reproduce by binary ﬁssion which is a simple type of cell division. The cell
elongates, replicates its chromosome and separates the new DNA molecules to the opposites
ends of the cell. A cross wall is then formed in the middle of the elongated parent cell
which divides it into two daughter cells. Many prokaryote contain extra-chromosomal DNA
molecules called plasmids that are small, double-stranded DNA molecules that can exist
independently of the chromosome. Their genes are not essential to their hosts but they
usually give the latter a selective advantage in some environments. Plasmids are inherited
during cell division, but they are not always equally apportioned into daughter cells and
sometimes are lost.
1.3 Bacterial biofilms
Bacteria express two modes of growth namely planktonic state or "free ﬂoating" and
bioﬁlm state [46, 89]. Based on observation of laboratory and wild bacterial cultures which
were covered with a glycocalyx ﬁlm, John William Costerton proposed the term "bioﬁlm"
in 1978 and suggested it was the natural mode of growth of most microorganism [44, 47]
especially in systems with high surface area to volume ratios like porous media [30, 140]. More
recent deﬁnition of bioﬁlm is a dynamically complex community of microorganisms closely
interacting with each other within a self-produced polymer matrix of extracellular polymeric
substances (EPS) [134, 199]. Archael, bacterial and eukaryotic microbes produce biopolymers
and EPS consists of polysaccharides, proteins, glycoproteins and glycolipids, and, in some
cases extracellular DNA [75]. The incline of bacteria to adhere to surfaces and form bioﬁlms
in so many diverse environments is undoubtedly linked to the selective advantage that surface
association confers. Bioﬁlms in a continuous-ﬂow system, for example ﬂowing groundwater,
will have a continuous supply of nutrients. This can also be the case if the substrate itself
contains nutrients [213]. In the context of evolution and adaptation, microorganisms living
in bioﬁlm form are less vulnerable to encountered harsh and ﬂuctuating conditions such
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as lack of nutrient, dehydration, UV exposure, changes in pH and temperature as well as
other constrains, for instance phagocytosis and antimicrobial agents [89]. Also, the close
proximity of organisms allows for cell to cell communication, exchange of genetic elements
(DNA, RNA) [151, 208] and metabolites with physiologically diﬀerent organisms [158, 213].
The presence of EPS appears to be crucial in the stabilization of the spatial organisation of
bioﬁlm communities as it immobilizes or at least drastically reduces the motion of microbial
cells [213]. This provides a stable, yet not rigid, three-dimensional community. The EPS
properties also determine the living conditions of the bioﬁlm cells by its water content, charge,
porosity and hydrophobicity [75]. The matrix can restrict the diﬀusion of large molecules
such as antimicrobial proteins [213] as well as neutralise certain antibiotics through chemical
reaction, for instance chelation (bonding with metal ions) by inactivating enzymes notably
β-lactamases as observed for Klebsiella pneumoniae and Pseudomonas aeruginosa [6, 14].
Some bacteria may also diﬀerentiate into a protected phenotypic state and share the gene
conferring antimicrobial resistance [191].
Another aspect of bioﬁlm is quorum sensing (QS) which is a population-density dependent
chemical process that allows bacteria to communicate through the production, secretion and
sensing of small inducer molecules termed autoinducer [72]. Whenever a minimal threshold
stimulatory concentration of an autoinducer is detected, an alteration in gene expression
happens [149]. An example is acylhomoserine lactone (AHL) that is released by gram-negative
bacteria and is diﬀusible across the plasma membrane [233]. At low cell density, it diﬀuses out
of the cell but, as the cell population increase, AHL accumulates outside the cell, reversing
the diﬀusion gradient. The inﬂux of AHL is dependent on cell density and this signal enables
the individual cell to evaluate population density [233]. Quorum sensing enables bacteria
to determine if other bacteria are present and also to modify behaviour on the scale of the
population in response to changes in the number and/or species present in a community
[223]. Bacteria in a bioﬁlm also communicate using electrical signals via ion channels [165].
Electrical signalling was also observed to occur between distant populations for sharing of
nutrients [138].
As mentioned earlier, bioﬁlms are ubiquitous in our environment and grow on almost any
type of substrate [233]. The next paragraphs detail the development of a bacterial bioﬁlm from
the attachment of the microorganism to the substrate to a mature bioﬁlm. These processes
are conceptualised in ﬁgure 1.3.
1.3.1 Development stages of a biofilm
There are several stages in the bioﬁlm development. The ﬁrst one is attachment of the
micro-organisms on the surface and is a two-step process. At ﬁrst, there is reversible absorp-
tion, which is a weak interaction between the bacterium and the substrate, and takes place
when the microorganism is between 5 to 10 nm from the substrate. This distance zone is
called the secondary minimum and is part of the DLVO (Derjaguin, Verwey, Landau and
Overbeek) theory that has been used to model the repulsive and attractive forces between
a cell and a ﬂat surface [60, 190]. The forces involved in this stage would be van der Waals
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Figure 1.3: Conceptual drawing of bioﬁlm formation and maturation from Hall-Stoodley &
Stoodley, 2002 [88].
forces and repulsion interactions due to negative charges of the cells and the substratum.
This electrostatic repulsion was shown to be dependent on the ionic strength of the aqueous
solution [1]. The activation energy for desorption of the bacterium is low and so it is likely
to occur.
Secondly, there is the irreversible adsorption, also referred to as adhesion which involves
a large amount of energy. Irreversible adsorption occurs when the proteinaceous appendages
such as glycocalyx, pili or adhesins, of bacteria help overcome the physical repulsive forces of
the negatively charged cell membrane and form bridges that connect the cell and the substrate
[44, 68, 126]. Exo-polysaccharides production often accompanies the adhesion of bacteria,
these can generate hydrogen bondings or dipole-dipole type interactions which consolidate
the bacteria-surface bond [20, 68, 190]. Factors that may inﬂuence the adsorption of bacterial
cells to a surface can be of physical nature - for example the presence of organic matter,
temperature, ﬂow velocity and pressure - but also chemical - such as ionic strength, cell
wall characteristics and pH - and microbiological, for instance hydrophobicity, chemotaxis,
electrostatic charges on the cell surface and bacterial concentration as well as the presence
of other microorganisms [36, 190]. Physical characteristics of the substrates like roughness
may enhance adsorption by increasing the available surface area and reducing the shear forces
nearby [27, 37, 211]. The presence of some cations such as Ca2+, Mg2+ and Fe3+ as well
as global ionic strength of the aqueous solution has been found to promote adsorption up
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to a particular molar concentration [1, 111]. Hydrophobic microorganisms have also been
observed to adhere more eﬀectively than hydrophilic ones [128] with the exception Listeria
monocytogenes, which forms bioﬁlms more rapidly on hydrophilic surfaces [39].
The adhesion of bacteria to a surface is followed by colonisation and bioﬁlm maturation.
As the attached bacteria multiply by binary division, the daughter cells spread outward and
upward from the attachment point to form clusters [88]. Drescher et al [65] studied early
bioﬁlms of Vibrio Cholerae under low ﬂow velocity (33 µm/s) and observed that as from
bacterial number of over 2000, the cells were oriented perpendicularly to the substrate in the
centre of the bioﬁlm, becoming more and more parallel to the surface as they approached
the border. During this stage, the overall density and complexity of the bioﬁlm increase as
microorganisms reproduce and die. Slimy sticky components called extracellular polymeric
substances (EPS) are produced by the attached bacteria. EPS provide the mechanical stabil-
ity of a bioﬁlm [127] and its chemistry is very complex. It includes polysaccharides, proteins,
nucleid acids and DNA [75, 168]. The polysaccharide polymer alginate produced by mucoid
Pseudomonas aeruginosa strains, is a greatly studied EPS component and appears be an im-
portant parameter of the bioﬁlm structure. Bacteria also produce polysaccharide intercellular
adhesion (PIA) polymers to form stronger bond between them, which is also enhanced by the
presence of some cations. Diﬀerential gene expression between the bacterial planktonic and
adhesive states also takes place, for example, the down-regulation of surface appendages as
motility is restricted. In the same way, expression of a number of genes for the production
of cell surface proteins and excretion products increases [80, 88]. This growth phase depends
on the type of strain, for example, a motile bacteria will express diﬀerent cell arrangement
[65, 225]. The third stage is the maturing of the bioﬁlm and its architecture will depend on
the various environmental conditions it is subjected to and on the speciﬁcities of the bacteria
[88]. These aspects are detailed in the next section. The ﬁnal stage of bioﬁlm formation is
the detachment of planktonic cells or clumps of bioﬁlm by rolling, streaming and rippling, for
either leaving the environment completely or colonising another part of it.
1.3.2 Biofilm morphology with respect to environmental constraints
The bioﬁlm architecture is largely heterogeneous [134] and its shape and functions are
highly correlated. The polymer matrix can be interspersed with water channels to allow for the
circulation of nutrients, signalling molecules and waste, thus both facilitating and optimising
nutrient uptake and waste-product exchange [47]. The structure of a bioﬁlm depends on
various parameters, both inherent and not, to the type of bacterial strain. For example, a high
nutrient load promotes bioﬁlm formation for Pseudomonas aeruginosa, whereas starvation
leads to detachment [105, 163]. The growth potential of any bacterial bioﬁlm will depend
on the availability of nutrients as well as their perfusion to cells within the bioﬁlm and the
removal of waste [68]. This diﬀusive and advective transport of nutrients, waste products and
of microbial cells is inﬂuenced by the hydrodynamical conditions of the growth environment
[200]. As ﬂow rate increases, so does the nutrient availability but also the mechanical stress
acting upon the bioﬁlm [213]. This interplay between nutrient ﬂux and shear rate has been
observed in some experiments, for example, an increase in nutrient load encourages bioﬁlm
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formation for Pseudomonas putida up to a speciﬁc level after which detachment is favoured
[172]. For Escherichia coli, it was shown that nutrient availability dictates bioﬁlm architecture
until a given bioﬁlm thickness, beyond which mechanical resistance and shear governed the
morphology to adapt [206]. Some motile strain will adapt diﬀerent behaviour in ﬂow such as
Pseudomonas aeruginosa which has an upstream motility and can colonize environments that
would not be reached by other bacteria [181]. Distinct types of strains will react diversely to
diﬀerent types of external factors but some common bioﬁlm architectures have been observed
under similar circumstances. Bioﬁlms growing in quiescent waters tend to form mushroom or
mound-like structures [89, 200]. Under high-shear, turbulent ﬂow, bioﬁlms tend to elongate in
the downstream direction forming ﬁlamentous ‘streamers’ and ripples, even in Pseudomonas
aeruginosa which is not usually associated with a ﬁlamentous phenotype [197]. Figure 1.4
shows examples of bioﬁlms forming in freshwater rivers under diﬀerent shear rates.
Figure 1.4: Bioﬁlm morphology under high shear rates (left) and low shear rates (right) [89].
Other ﬁlamentous bacteria and archeal bioﬁlm occur in hot springs, marine hydrothermal
vents and acid mine drainage runoﬀ [169]
Besides from morphology, shear stress can also inﬂuence the density and strength of a
bioﬁlm [139]. It was observed that under high ﬂow rates, bioﬁlms were cohesively stronger and
the EPS matrix appeared to be more ﬁrmly attached to the substrate [194, 196]. Variations
in the ﬂuid shear also demonstrated that bioﬁlms behaved like visco-elastic ﬂuids [127, 196,
197]. When exposed to increased shear, bioﬁlms immediately demonstrated a non-linear
elastic response while over longer temporal scales, they demonstrated viscous ﬂow [123, 194].
In addition to a physical phenomenon, a biological eﬀect could also take place as bioﬁlms may
respond to shear stress by regulating metabolic pathways [139] especially through increased
EPS production [194] more speciﬁcally certain relevant polymers [168]. Bacterial bioﬁlms
thus ﬂexibly adjust their structure in response to a change in their environmental conditions
- owing to genetic regulation or localised growth patterns determined by mass transfer. This
ability to rapidly adapt is speciﬁc to prokaryote and is not possible in multicellular eukaryotic
organisms [89]. From these observations, EPS seems to be highly involved in the architecture,
strength and other material properties of a bioﬁlm [88].
Another aspect of inﬂuencing the morphology of bioﬁlms is quorum sensing [88]. It was
demonstrated that QS molecules played an important role in the regulation of a complex
mushroom structure in Pseudomonas aeruginosa PAO1 bioﬁlm [56]. Inhibiting QS using a
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synthetic furanone also proved to suppress thicker and more complex bioﬁlm structure [95].
Furthermore Emge et al [72] observed that high ﬂow rate inhbited QS in Escherichia Coli. QS
was also suppressed in Pseudomonas aeruginosa, however it withstood a considerably higher
ﬂow than in Escherichia Coli.
The inﬂuence of hydrodynamics on the morphology and strength of a bioﬁlm in porous
media involves more complexities due to the inherent multi-scales phenoma of ﬂuid ﬂow in
porous media. The aspects are detailed in the next part.
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2Biofilms in porous media
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2.1 Biofilms in natural and industrial porous media
2.1.1 Insights on porous media
Any material, whether biotic or abiotic, which contains a network of ﬂuid-ﬁlled voids can
be considered as being a porous medium. In many porous media, the ﬂuid-ﬁlled channels have
non uniform size and shapes and are commonly referred to as pores [67]. Most materials in
our environments can be considered as porous media, let it be soil, rock, sand, wood, sponges
and even in the human body where nearly all tissues (skin, capillary networks, bones [2])
and organs (intestines, lungs) can be classiﬁed as porous media [213]. Figure 2.1 illustrates
diverse natural porous media with pores of diﬀerent size.
Porous media can exhibit a more or less broad distribution of pore size depending on
their nature [102]. Engineered porous media like scaﬀolds [115] or ﬁlter membranes [222]
can have controlled porosity distribution whereas natural porous media, for example soil [42,
66] and sedimentary rock [129], can exhibit a wider pore distribution due to the presence
of multiple size grains and organic material. The pore scale is usually referred to as the
micro-scale and porous systems are often described at a scale above, the macro-scale, in
a continuum approach, where one point refers to some representative region with averaged
conditions [212]. Two important quantities used to characterise porous structures are porosity
- which is the ratio of the void space to the total volume of the medium - and permeability
which is a measure of the ﬂow conductivity across the porous medium [118]. This continuum
approach, however, fails to explain plenty of observations that seem to be the consequences
of phenomena happening at the microscopic scale, for example the pore structure and the
behaviour of ﬂuids at this scale [67].
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Figure 2.1: Various hierarchically structured natural porous media [108].
This multi-scale condition of porous media impacts ﬂow, heat and mass transfer at various
levels which constitute a very important research area. Indeed, the key processes to many
engineering applications can be modelled or approximated as transport through porous media
[213] such as thermal insulation [229], heat exchangers [28], geothermal systems [62], electronic
cooling [21], advanced medical imaging [201], porous scaﬀolds for tissue engineering [100] and
transport in biological tissues [118]. As discussed earlier, microbes have the ability to attach
to surfaces and form bioﬁlm [80, 173] and many porous media having accessible pore size
can be colonized. In comparison to non-porous structures, porous media have high surface
area to volume ratios and micro-organisms within tend to adhere to pore surfaces and form
bioﬁlms rather than remaining in a planktonic state [140, 171]. Under suitable conditions,
bioﬁlms can progressively accumulate within a pore space, aﬀecting the porosity distribution
as well as the permeability, that is, making it increasingly diﬃcult for ﬂuids to ﬂow through
the porous structure [52, 205, 207]. The presence of bioﬁlm will also aﬀect mass transport of
reactive and non-reactive solutes within the porous structure [213].
Bioﬁlms developing in porous media are a key process to many natural phenomena and
engineering applications and their presence can be associated to positive or negative eﬀects.
Some examples are stream and aquifer bioﬁlms [18, 188], understanding the fate and transport
of nanoparticles in our environment [112], soil bio-remediation [78, 184, 216], CO2 storage,
bio-ﬁlters [190], self-healing concrete [114] and microbial enhanced oil recovery [9].
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In the next paragraphs we shall detail two important applications of natural and artificial
biofilms in porous media. The main objectives of these descriptions is to underline different
aspects that comes into play as well as the importance of these bacterial communities in our
environment.
2.1.2 Stream-aquifers biofilms
Bioﬁlms dominate microbial life in streams [82] where they are the centre of enzymatic
activity, including organic matter cycling, ecosystem respiration, primary production [18, 74]
as described in ﬁgure 2.2. Various surface and subsurface ﬂow paths connect streams to their
catchments, notably the hyporheic zone which is the portion of sediments surrounding the
stream that is permeated with stream water and at the interface of groundwater [25]. This
zone provides a particularly favourable region for bioﬁlm development with a stable physical
substratum and access to nutrients and water. The biogeochemistry activities taking place
in the hyporheic zone are strongly inﬂuenced by the diverse microbial community present
[16]. As bioﬁlms develop, they interact with and impact surface and subsurface ﬂow patterns
and play an important role in inﬂuencing large-scale transport of solutes [10]. Contaminants
discharge to rivers and their association with streambed sediments are one of the original
motivations for studying hyporheic exchange.
Figure 2.2: Microbial ecology in the streambed [18].
Groundwater also harbours microbial life [159, 188] which aﬀect groundwater chemistry
and can degrade pollutants such as herbicides [113]. When groundwater discharges to streams
through the hyporheic zone, reduced solutes have the opportunity to be oxidized by the mi-
crobial community. For example, the oxidation of reduced metals leading to precipitation
of metal oxide and hydroxide phases and biodegradation of organic contaminants [25]. The
transport of nanoparticles is also impacted by the presence of bioﬁlm [133]. Stream hydrody-
namics has been shown to physically impact the benthic bioﬁlm communities [24, 227] and
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consequently its understanding is important for the studying of bio-geochemical cycling such
as dissolved organic carbon (DOC) use as well as water quality [183].
Aquifer recharge for water reuse, for example through soil aquifer treatment (SAT) [5],
riverbank/ riverbed ﬁltration [97] or constructed wetlands [13], has been studied with promis-
ing results as a solution for water scarcity [122]. SAT involves inﬁltration of secondary eﬄuent
through a recharge basin along with subsequent extraction through recovery wells. Treatment
is predominantly done through the vadose zone and water is stored in the aquifer [5]. The
contaminant removal of such aquifer recharge systems use natural physicochemical and bio-
logical reactions in the subsurface soil mainly via biodegradation. Excessive bioﬁlm growth
would induce clogging and decrease the eﬃciency of the system as retention times increases.
On the other hand, controlled clogging along with biodegradation processes would increase
water quality [122]. Understanding the inﬂuence of hydrodynamics on such systems may also
provide means of recovering the quality of polluted or contaminated aquifers [85, 104].
2.1.3 CO2 capture and sequestration (CCS)
Geologic storage of CO2 is one of the most promising methods to stabilize the atmospheric
concentration of CO2 emitted by the combustion of fossil fuels [50, 160, 204]. This is done
by capturing and separating CO2, most often from post combustion in power plants and
injection in geological formations, notably deep un-mineable coal seams, deep saline aquifers
[150, 226] and oil-bearing formations sometimes with injection of CO2 as a counter part of
enhanced oil recovery [35]. During injection, the pressure in the receiving formation increases
resulting in an upward hydrodynamic pressure gradient. In order to prevent possible leakage
of CO2 through fractures or near injection wells [226], reliable tools to monitor the integrity
of geologically sequestered CO2 are needed. When the reservoirs are favourable to microbial
life, microbiological monitoring can be an attractive solution. Indeed, microbes can inﬂuence
storage by forming a bioﬁlm barrier (see ﬁgure 2.3), microbial bioﬁlms being eﬀective for
plugging pore channels and consequently reducing ﬂow and mass transport through porous
media [50]. Microorganisms have great penetrability into small apertures, especially in starved
form, which may not be accessible when using higher viscosity sealing cements. Development
of bacteria attached to the surface rock is stimulated by injecting nutrients. Additionally
speciﬁc strains can be injected for example cyanobacteria that can mediate biomineralization
through CaCO3 precipitation [160] or ureolytically active bacteria that can hydrolyse urea, like
Sporosarcina pasteurii, which consequently inﬂuence the saturation state of surrounding ﬂuids
in the presence of calcium to favour precipitation of CaCO3 [164]. These type of reactions
are part of mineral carbonation technology (MCT) in which CO2 reacts with calcium- and/or
magnesium-containing minerals to form stable carbonate materials. As noted in [50] the
bioﬁlm spreading as well as carbonate precipitation were inﬂuenced by the ﬂow rate imposed
by the reactor.
Cunningham et al. (2003) [53, 213] demonstrated the possibility of a ﬁeld scale engineered
bioﬁlm barrier. This study was focused on bioremediation of contaminated groundwater and
a 99% reduction of average hydraulic conductivity across the barrier was accomplished after 3
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Figure 2.3: Conceptual illustration of a bioﬁlm barrier in super-critical CO2 storage [150].
months. Combining a bioﬁlm barrier along with a mineral carbonation, if well-targeted near
points of CO2 injection, could provide for durable sealing of preferential leakage pathways
[50] as these stable carbonates do not incur long-term liability or monitoring commitments
[160].
Hydrodynamic conditions play a crucial role on the bioﬁlm colonisation of a porous
structure. Many studies have attempted to investigate the complex framework of "bioﬁlm-
hydrodynamics" and several reported observations are detailed below.
2.2 Porous media: the biofilms and hydrodynamics playground
As mentioned earlier, there is a feedback loop for bioﬁlms forming under ﬂuid ﬂow, es-
pecially inside a porous medium. When a bioﬁlm accumulates within pore spaces, not only
does it inﬂuence hydrodynamics but the prevailing hydrodynamical conditions will, in turn,
inﬂuence bioﬁlm growth characteristics. Indeed, the bioﬁlm will respond to this change in
mass transfer by adjusting its structure to optimise the transport of nutrients through it and
maintain its stability [213]. Bioﬁlms have been observed not to always colonise the porous
structure homogeneously but rather showed temporal and spatial variability with ﬂow paths
and low-permeability zones [96, 177–180, 192]. Under turbulent ﬂow, it appeared that bioﬁlms
initially develop in low shear zones and subsequently expand on the surface of particles in this
"protected" region [155, 195], pore throats and high shear zones being unfavourable for initial
attachment and bioﬁlm development. Under laminar ﬂow, bioﬁlm preferentially develop on
the dominant ﬂow pathways which often consists of pore throats and larger pores [193] and
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they are of homogeneous thickness probably due to dominating eﬀects of substrate diﬀusion
over the negligible eﬀect of shear stress [179, 195]. Regions near the inﬂuent, which have an
important supply of electrons acceptor and donors as well as other important nutrients, such
as phosphorus or nitrogen, have also shown to be more favourably colonised [40, 101, 107,
110]. Consequently, a decrease in the availability of those elements as well as inhibitory com-
pounds lead to a decrease in bioﬁlm development [213]. Kim et al [122] quantiﬁed textural
and areal parameters of bioﬁlm under diﬀerent ﬂow and nutrient loading, they observed that
a high nutrient load promoted denser bioﬁlm probably due to better penetration, whereas low
nutrient supply rendered the bioﬁlms coarser. They also observed that the eﬀects of ﬂow rate
was more pronounced than the eﬀect of nutrient concentration. In case of multiple strains,
competition for nutrients can give rise to toxin secretion or metabolic changes, but also to
favourable situations for co-existence. For example, two bacterial strains having diﬀerent
biomass production rate were observed in a simple Y-shaped porous medium consisting of
one channel dividing into two: the rapidly developing strain eventually blocked its channel
redirecting resources to the competitor [49]. A second example is the co-existence of two
P. Aeruginosa strains only one producing EPS: this resulted in local obstructions of ﬂow by
matrix producers that generated regions of low shear allowing for non-producing mutants to
develop [154]. When developed under simple ﬂow, the non-producing mutant were rapidly
washed and survived in co-culture only whereas the matrix producer thrived (see ﬁgure 2.4).
Figure 2.4: Matrix-producing P. Aeruginosa appears in green and non-producing mutant is
in red. A: ﬂow paths were visualised by ﬂowing multiple beads in the chamber, it could be
seen that regions occluded from ﬂow allow non-matrix-producing mutants to develop. B and
C show the diﬀerence of co-existence of these competitive strains in simple ﬂow and a porous
medium [154].
Permeability (κ) is the most frequently used parameter to describe the eﬀect of bioﬁlm
formation on the properties of a porous medium; it is theoretically expressed in m2 but can
sometimes be expressed in the form of a hydraulic conductivity in metres over time. The
decrease in permeability due to biomass accumulation of around three orders of magnitude
have been reported for some experiments [213]. Bozorg et al [29] evaluated the correlation
between hydraulic conductivity decrease of a porous medium with measurement of bioﬁlm
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saturation through bioluminescence intensity of the engineered bacterial strain Pseudomonas
fluorescens HK44. Similarly to bioﬁlm accumulation, the reduction in permeability is not
homogeneous throughout the porous structure; instead it varies spatially and temporally and
greater permeability reduction have often been reported near the inﬂuent as it was where
biomass preferentially accumulated [34, 170, 214]. Once the permeability of a porous medium
is decreased, it can stay as such even under periods of environmental stress such as starvation
[51, 53, 120, 121]. The endurance can be the consequence of large amounts of EPS that do
not degrade easily [119] and also to bioﬁlm induced mineral formation such as di- or tri-valent
(e.g., Fe, Ca, Mg) carbonate, sulfate, sulﬁde, and phosphate minerals [147, 150, 164, 214].
Generally, a porous medium in which a bioﬁlm grows under constant ﬂow rate exhibits
a decrease in eﬀective porosity that results in an increase in the intrinsic ﬂuid velocity and
consequently an increase in the inﬂuent pressure as well as shear stress [213]. Bioﬁlms grown
under continuous ﬂow conditions appeared to reach a pseudo-steady state where the hydraulic
conductivity ﬂuctuated depending of the varying ﬂow paths [180, 193]. Indeed, as biomass
accumulates in the pore spaces, it can induce clogging of some pores and re-routing of the ﬂow
[69, 122, 195]. The characteristics of this pseudo-steady state depend on the type of porous
medium, on the ﬂow rate as well as on the bioﬁlm growth conditions: microbial strain, the
type and concentration of nutrients and the temperature. The existence of a "critical shear
stress" [120] above which bioﬁlm erosion and detachment happens is primarily observed under
constant ﬂow rate as bioﬁlms growth restricts pore spaces and induces an increase in shear
stress [213]. In the studies of Stewart et al [193] and Sharp et al [179], bioﬁlm were grown under
constant ﬂow and dynamics of preferential ﬂuid ﬂow pathways induced by bioﬁlm growth, was
observed. The authors noted the continuous shift of the main ﬂow channel as diﬀerent pore
spaces would repeatedly clog and reopen. Stewart et al [193] observed that depending on
the spatial distribution of biomass, the main ﬂow channel had a variable number branches,
which could be, in turn, clogged more or less rapidly. As nutrient ﬂowed on the preferential
pathways, biomass accumulated and clogged the pores redirecting ﬂow to pores containing
weaker bioﬁlm having a lower yielding shear stress as less nutrient ﬂowed there. They also
noticed that the location of plugged pore throats was dependent on the diameter of the pore
and that stability of the plug was inﬂuenced by the tortuosity and connectivity of the porous
medium. Oscillations in the pressure drop could be measured every time there was a brutal
change in the ﬂow paths and the authors also noted an increased in pressure drop when
nutrient concentration was increased (see ﬁgure 2.5).
The various phenomena that could induce clogging of pore spaces were investigated on
60 hours in Kim et al [122] under diﬀerent nutrient loading and ﬂow rates. A normalized
hydraulic conductivity was used to compare clogging rates and it was observed to decrease
for all experiments, sometimes stepwise or ﬂuctuating, meaning that the decreased hydraulic
conductivity was partially recovered. The degree of ﬂuctuation at high ﬂow rate and high
nutrient loading was larger than in other growth conditions. This implied more frequent
recovery events due to higher ﬂow rate and more rapid clogging as a consequence of higher
nutrient concentration. Again, the interplay between nutrient transport and shear stress
came as the centre piece. The authors observed that Darcy’s velocity shaped the morphology
of bioﬁlm as well as initial time of clogging. On the other hand, substrate concentration
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Figure 2.5: Oscillating pressure drop over growth period (left) and inﬂuence of sucrose on
maximum pressure drop (right) observed by Stewart et al [193].
inﬂuenced the bioﬁlm density and the rate of clogging. As shear force can cause erosion
and detachment of biomass [213], it was believed that the sloughed bioﬁlm colonies could
be entrapped in narrow pore necks and accumulate, thus accelerating the clogging process
[122] at high ﬂow rates (velocity 7.5 mm/min). This type of clogging was observed to be
eliminated by shear, whereas clogging a low ﬂow rates (1.25 mm/min) was delayed as bioﬁlm
rigidly developed in narrow pore necks and could not be sloughed. Finally, clogging at high
substrate concentration formed dense bioﬁlm that were not easily eliminated [122].
The hydraulic conductivity discussed above are examples of how pore scale phenomena
can aﬀect the macro-scale properties of the porous medium. The inﬂuence of nutrient load-
ing also indicates how diﬀusion impacts reactive transport at both the micro-scale and the
macro-scale [59, 178, 213]. Bioﬁlm accumulation in porous media aﬀects mass transport but
also hydrodynamic dispersion which is the stretching of a solute band - both longitudinally
and transversely to the ﬂow direction - when advected by a ﬂuid. This happens when the
velocity of the ﬂuid varies across a channel or pore cross-section [70]. In porous media, hy-
drodynamic dispersion often refers to the spreading of a solute via both molecular diﬀusion
and dispersion [182, 239]. In bioﬁlm colonised porous medium, dispersivity has been observed
to increase over time [213]. The increased in dispersivity has been attributed to increase in
tortuosity of the porous medium as well as the development of no ﬂow zones and through
increased diﬀusive transport within bioﬁlms [177, 213]. Davit et al [57] demonstrated that
hydrodynamic dispersion could also have a signiﬁcant eﬀect on mass transport within porous
bioﬁlms.
Bioﬁlm accumulating in a porous medium will not impact the porosity and permeability
to the same extent. This will depend on the pore size distribution of the media as well as
the spatial distribution of the bioﬁlm [213]. For example, if thick bioﬁlms form inside large
pores without aﬀecting the constrictions, it may only have a negligible eﬀect on the overall
permeability of the structure. However, if bioﬁlms form in regions that can greatly aﬀect
ﬂuid ﬂow, such as pore throats or fractures, in this case, a small change in porosity can have
a signiﬁcant impact on localized or overall permeability. Investigating such situations require
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imaging and measurement techniques that allow to spatially resolve the porosity distribution
as well as to assess the temporal changes in permeability [213].
2.3 Inquiry about the need of experimental methods to assess
the influence of hydrodynamics on biofilms
Despite the multiple studies conducted on "bioﬁlm-hydrodynamics" in porous media, the
need for more controlled investigations remains to understand the diﬀerent patterns exhibited
by the bioﬁlm. Indeed, distinct strains will react diversely to diﬀerent growth conditions and
well as in other porous media. Controlled experiments with only one varying parameter are
needed in order to understand its inﬂuence over a speciﬁc bio-porous system. The framework
of bioﬁlms developing in porous media is highly complex and the interaction between physical
and biological aspects are not well understood. Experimental set-up combining the monitoring
of hydrodynamics (ﬂow rate, pressure drop) and biological activity (metabolism, production
of EPS, etc.) are needed, for a complete investigation of the diﬀerent phenomena involved
[83, 213].
Moreover, most of the studies on the eﬀect of "bioﬁlm-hydrodynamics" in porous media
have been undertaken using either destructive sampling which implies removing bioﬁlm from
an experimental apparatus for characterization purposes [52, 205] with evaluation typically
at the end of the experiments, or on 2D microscopic ﬂow cells and ﬂat-plate reactors. These
contained speciﬁc patterns or could be ﬁlled with thin layers of porous medium, allowing for
direct optical or microscopic observations of bioﬁlm formation and mass transport [29, 180,
195]. Capillary ﬂow cells were also used for direct microscopic observations and can be used
to represent a single pore [213]. The investigation and control of bioﬁlm formation in 3D
porous media remains diﬃcult as the capability to observe bioﬁlm development spatially and
temporally is severely limited [213] mostly because of the opaque nature of porous media that
hinders optical methods. Mathematical modelling can aid in the understanding of certain
phenomena but the models are limited by the lack of highly resolved experimental data at
the micro-scale [58, 213].
Scientiﬁc investigations toward a better comprehension of the physical aspects of bioﬁlm
like porosity, permeability and three-dimensional structures along with biochemical balances
such as nutrient and oxygen consumption, thus requires:
• An image technique along with a robust protocol to observe bioﬁlm spatial distribution
in the pore space.
• An experimental set up that enables the monitoring of physical, chemical and biological
aspects of "bioﬁlm-hydrodynamics" in 3D porous media.
In this work, we wish to address these two questions. At first, we shall take a deeper look
at imaging methods for biofilm in the next chapters.
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3.1 State of the art of biofilm imaging techniques
At present, various types of imaging techniques have been employed to observe bioﬁlms
whether in two or three dimensions. The choice of the bioﬁlm imaging technique for a partic-
ular experiment is dependent on three primary parameters: the nature of the phenomenon to
investigate, the type of substrate on which the bioﬁlm has grown and the scale of the process
being studied. In this section, we will brieﬂy introduce commonly used imaging techniques
for bioﬁlms, classiﬁed by the scale and type of substrate of the sample - whether 2D, 3D, ﬂat
surface or porous medium. We shall describe into more details the techniques used in this
work notably two-photon microscopy and particularly X-ray micro-tomography. Finally, we
will review the approaches for X-ray micro-tomography imaging of bioﬁlms in porous media
which is the one of the main foci of this work.
3.1.1 Imaging of biofilms on flat substrates or 2D porous media
For nano-metric studies of bioﬁlms grown on a ﬂat surface, electron microscopy, such as
scanning electron microscopy (SEM) and transmission electron microscope (TEM), as well as
atomic force microscopy (AFM) are usually used [134, 213]. Electron microscopy techniques
use a focused beam of electrons to illuminate the sample. In TEM, the beam penetrates the
sample whereas in SEM the beam is reﬂected. Image formation in TEM is based on the ratio
of scattered to un-scattered electrons within the sample. The dark areas of the image are
formed by the former and the light areas, by the latter. In SEM, when the electrons interact
with atoms in the sample, various signals that contain information about the sample’s surface
topography and composition are produced. Usually SEM samples have to be freeze-dried to
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be scanned but environmental SEM or ESEM, enables scanning in wet environments. ESEM
diﬀers from SEM in some design and signal detection aspects [55, 137] that will not be detailed
here. AFM produces images of a sample by scanning the surface with a mechanical probe -
an AFM cantilever - of tip size on the order of nano-meters. When the tip is brought into
proximity of a sample surface, forces between the tip and the sample lead to a deﬂection of
the cantilever. The deviation of the cantilever can be measured, usually via laser deﬂection,
giving information about the surface topography [71]. AFM and electron microscopy can
produce very high-resolution images of a sample surface, revealing details less than 1 nm in
size.
Examples of bioﬁlm imaged by AFM are the study of interactions of bacterial bioﬁlms
with surfaces [19] and eﬀects of ageing or antibiotics on speciﬁc bioﬁlms [38]. SEM examples
are the study of bioﬁlms on indwelling bladder catheters [79] and the mapping of the exo-
polymeric matrix [131]. SEM has also been used to determine bioﬁlm thickness on solid
particles in porous media [92, 170] in bio-clogging investigations. Figure 3.1 illustrate images
obtained by AFM and SEM.
Figure 3.1: Left: AFM view of a 3-week old bioﬁlm of a sulfate-reducing bacterium of genus
Desulfrovibrio [19], the cells are seen to form a close aggregate. Right: SEM image of the
surface of a mixed species (Staphylococcus Epidermidis and Klebsiella oxytoca) bioﬁlm on a
63-day old catheter [79]. Scale bars: 5µm.
Common imaging methods for bioﬁlms grown on a ﬂat surface with scales varying from
bacterial size (>200 nm) to several micrometers are optical techniques such as light mi-
croscopy, where ultra-violet or visible light is used to illuminate a sample and several lens to
magnify the image. Some examples are the study of bioﬁlm accumulation on capillary tubes
[15], the eﬀect of bioﬁlm accumulation in porous media hydrodynamics [52] and to investi-
gate bioﬁlm structure and cell interactions at pore-scale [69, 120]. These methods can also
be combined with other techniques, for example, with SEM [116] in the study of bioﬁlms in
burn wounds. More spatially resolved ﬂuorescence microscopy techniques are based on the
presence, natural or added, of ﬂuorophores into the sample. Fluorophores can be naturally
present in the specimen for e.g. pollen grains are auto-ﬂuorescent as shown in ﬁgure 3.2. The
specimen can be modiﬁed to express ﬂuorescence by introducing a ﬂuorophore that will bind
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to a speciﬁc component of the sample or by modifying bacteria with a ﬂuorescence plasmid.
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Figure 3.2: Left: basil pistil and pollen grains ﬂuorescing in green after excitation with a
neon white light. Right: bioﬁlm image by two-photon microscopy where the bacteria ex-
pressed green ﬂuorescent protein (GFP) and a red ﬂuorophore (tetramethylrhodamine linked
to Concanavalin-A) marked certain polymers of the EPS matrix.
Fluorophores in the sample are excited at a particular wavelength by sending one or
multiple photons having the exact energy level needed to be absorbed by the ﬂuorophore,
which will then emit visible light into a speciﬁc wavelength. The signal emitted back from the
specimen is ﬁltered to obtain the light emitted by the ﬂuorophore only. Multiple ﬂuorophores
can be used to mark diﬀerent substances in the specimen. They have to be carefully chosen
so as to enable the diﬀerentiation of the wavelengths emitted by each.
Optical microscopy techniques depend on the depth of ﬁeld (DOF) which is the range
of distance to the lens at which objects appear sharp, that is well spatially resolved. A
lens can focus a single plane only and optical techniques such as confocal laser scanning
microscopy (CLSM) and two-photon laser scanning microscopy (TPLSM) gather the whole
volume of the sample by scanning the object, layer by layer. This is done by moving the
lens so that every imaged layer is in the correct DOF. CLSM is the most common imaging
method for bioﬁlms [122, 131, 218, 234] and its principle, along with TPLSM, is illustrated
in ﬁgure 3.3. The DOF depends on many factors including the properties of the lens notably
the numerical aperture (NA) and the medium of immersion (n). The numerical aperture of
a lens indicates its ability to perceive light from the illuminated sample. A large aperture
gathers a lot of signal which can be composed of both ﬁne detail and out of focus light. The
smaller the aperture, the deeper the penetration of the laser and usually the less out of focus
signal arrives to the detector. The diﬀerence between one and two-photon microscopy is that
instead of one photon being absorbed by the atom, two are absorbed almost simultaneously.
In order to send two photons very rapidly (orders of a femtosecond), a pulsed laser is used for
multi-photon microscopy. The photons are thus spatially conﬁned and this has the advantage
of exciting the focal plane only. As two-photon microscopy does not generate out of focus
signal, large apertures can be used rendering better quality images. The DOF also depends
on the nature of the sample, more precisely on its composition and thickness. Considering
that ﬂuorophores bleach when excited, TPLSM oﬀers a large advantage over CLSM as only
the focal plane will be excited at the exact wavelength for two-photons’ energy, preserving
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the ﬂuorophores of the samples.
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Figure 3.3: Principle of ﬂuorescence microscopy: the source sends the laser at a certain
wavelength to excite the focal plane, the signal from the specimen is ﬁltered back. Source:
Centre de Physiopathologies de Toulouse Purpan.
Some examples of CLSM imaging of bioﬁlm are studies for morphology quantiﬁcation [234],
the imaging of marine phototrophic bioﬁlms [153], the eﬀect of velocity on the architecture
of early stream bioﬁlm [17] and detection of pH gradients with depth [217] for two-photon
microscopy. These techniques can also be used in 2D imaging of bioﬁlms in porous substrates
for example to study the morphology of bioﬁlm related to the porous media clogging [122] and
the interactions between colloids transport and microbial bioﬁlm [133]. Figure 3.4 illustrate
two examples of bioﬁlms imaged with CLSM.
Recently optical coherence tomography (OCT) has proved to be a powerful tool for 3D
imaging of biological structures [218]. The technique is the optical analogue of ultra-sound
imaging [215]; it uses light, usually near infrared, which penetrates up to about 1 or 2 mm
through the biological specimen, to capture 3D images via the optical scattering of the light
wave [84]. Sub-micron spatial resolution is achieved and, deeper than 2 mm, not enough light
is reﬂected for reconstruction [86]. The principle is as follows: as the light goes on the sample,
a small portion of the light is reﬂected from the sub-surface features and collected. Most of
the reﬂected light is scattered in many directions though the sample, and OCT provides an
interferometry technique to select only non-parasite reﬂected light from the sample. Indeed,
as interferometry records the optical path length of received photons, this allows to reject the
photons that were scattered multiple times before detection [215]. An important advantage
of OCT is its ability to image the sample without any preparation or addition of ﬂuorophores
or other substances to enhance the contrast [235].
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Figure 3.4: Left: 12-day old stream bioﬁlm forming quasi-hexagonal structures [17]. Right:
bioﬁlm attached to the surface of glass beads after 60h of growth under constant ﬂow rate
[122].
High-resolution 3D imaging of bioﬁlm development were imaged by OCT [235] but due to
the limitation of depth penetration, studies on bioﬁlm imaging by OCT were not on porous
substrates. This imaging techniques is often used to investigate the meso-scale structure of
bioﬁlms for example, in the presence of predators [61, 124], to visualize transient processes
[86], to investigate the volumetric features under diﬀerent ﬂow conditions [219] and the time-
resolved bioﬁlm deformation [23] to evaluate its rheological properties as shown in ﬁgure 3.5.
Figure 3.5: Time-resolved bioﬁlm deformation observed by optical coherence tomography [23].
When bioﬁlms grow in opaque porous substrate and 3D imaging is required, other acqui-
sition techniques must be chosen since all of the methods listed above are blocked by opaque
solids.
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3.1.2 3D imaging of biofilm in opaque porous substrates
Direct 3D observation of bioﬁlm in generally opaque porous structure at a scale rang-
ing from the micrometer to the millimetre require non-invasive techniques able to penetrate
through opaque structures. MRI and X-ray tomography are the only methods currently
available.
For macro-scale studies ranging from hundreds of micrometers to the millimetre, MRI is
mostly used [43, 201]. The principle of MRI is the use of nuclear magnetic resonance (NMR),
that is, the ability of some isotope atom nuclei to absorb and emit electromagnetic radiation
when placed in a magnetic ﬁeld. Isotope atoms having an odd number of protons have an
intrinsic magnetic moment, that is, a non-zero spin. MRI uses this capacity to disturb the
protons and polarize them with a constant magnetic ﬁeld. Then a radio frequency (RF) pulse
is applied which alters the magnetic alignment of the protons. When the RF ﬁeld is removed,
the protons return to their original orientation, which is called relaxation, and emit radio
frequencies that can be received by antennas. In MRI, hydrogen atoms, that are naturally
present in abundance in biological organisms, particularly in water and lipids, are most-often
used to generate a detectable radio-frequency signal. MRI scans map the location of water
and lipids in the specimen as pulses of radio waves excite the nuclear spin energy transition
and magnetic ﬁeld gradients localize the signal in space. By varying the parameters of the
pulse sequence, diﬀerent contrasts may be generated between tissues based on the relaxation
properties of the hydrogen atoms.
MRI techniques are ideally suited to provide spatially and temporally resolved measure-
ments of mass transport, hydrodynamic dispersion and velocity. Some examples are the
measurements of local ﬂow velocities [145], imaging of mass transport of a para-magnetically
tagged molecule in bioﬁlm [12] and to investigate ﬂow patterns and bioﬁlm detachment [144].
In porous media, magnetic resonance methods have been used to investigate hydrodynamic
dispersion due to bioﬁlm mediated precipitation reactions [77, 177] and how bioﬁlm growth
increases the complexity of hydrodynamics [178] (see ﬁgure 3.6). MRI is a very promising
technique which will allow, in the future, to correlate local and bulk dispersivity along with
the distribution of bioﬁlm in porous media. It will ultimately provide experimental obser-
vations on dispersion and diﬀusion as well as reactive transport in bioﬁlm colonised porous
environments [213]. A limitation of MRI, however, is that it cannot be used if the sample
contains metallic elements.
When ﬁner spatial resolutions ranging from micrometer to tens of micrometers, are needed
for bioﬁlm imaging in porous media, X-ray micro-tomography has been the most available
solution [33, 58, 106, 125, 174], being an already known powerful tool for imaging of porous
structures [130]. This technique is based on the absorption of X-rays by the sample; multiple
2D-projections are acquired as the sample is rotated and the 3D volume is then reconstructed.
This imaging technique is the main one used in this work and the next section is dedicated
to detail its principle and the studies related to bioﬁlm visualisation which employed X-ray
micro-tomography.
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Figure 3.6: Bioﬁlm in porous media images by magnetic resonance microscopy [178]. The
ﬁrst column (T2) maps the of proportion ﬂuid phase (white-yellow colour corresponding to
mobile free water) and biomass (red-orange colour corresponding to less mobile water in
the bioﬁlm). The third column illustrates the velocity maps for an average tube velocity of
1.42 mm/s. Spatial resolution is 54.7 µm/pixel over 1000 µm for velocity and 200 µm for T2.
Corresponding histograms are also shown in columns two and four respectively.
3.2 Investigating the potential of X-ray micro-tomography
3.2.1 Insights into X-rays generation
X-rays are a form of electromagnetic radiation that have wavelengths between 0.01 nm
and 10 nm. On laboratory machines and hospital computed tomography scanners, X-rays are
produced in an X-ray tube which consists of an electron gun, that is, a ﬁlament integrated in
a cathode and an anode, and a ﬂat metal target, the whole in an evacuated glass envelope.
In the electron gun, the ﬁlament is resistively heated until incandescent - over 1000℃. At
this point it emits electrons by thermionic emission. The atomic and electronic motion in
the metal become strong enough that a fraction of the free electrons are enabled to leave the
surface despite the net attractive pull of the positive nucleus.
In X-ray tubes, these electrons are then repelled by the negative cathode and attracted
by the positive anode. These fast-moving electrons travel in a vacuum and therefore are
not blocked in any ways and hit the target at a velocity around half the speed of light. As
the beam of electrons hits the metal target called the source, they will penetrate several
micrometers and lose their energy by a combination of processes. Interaction with the outer
electrons of the atoms will cater for a large number of small energy losses and heat. The
large energy losses, lower that 1 %, will produce X-rays by interaction with either the inner
electrons orbits of the atoms or the ﬁeld of the nucleus [4].
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The accelerating voltage between the anode and the cathode is referred to as the tube
potential in kV. It drives the current of electrons between the anode and the cathode, which
can also be referred as the tube current in mA. The tube current is controlled by adjusting
the ﬁlament temperature. A small increase in temperature produces a large increase in tube
current, that is a higher production of electrons. In a X-ray set, tube potential and current
are designed to vary independently. Increasing the kV shifts the spectrum upwards and to
the right. It increases the maximum and eﬀective energies and the total number of X-ray
photons.
In synchrotron light sources [228], X-rays are generated by radially accelerating high-
energy particles. A charged particle does not radiate when in uniform motion, but during
acceleration a rearrangement of its electric ﬁeld is required. Indeed, when a charged particle is
at rest or in uniform motion, so is its surrounding electric ﬁeld. When the particle is suddenly
accelerated for a short time, there is a distortion created between the electric ﬁeld lines close
to the particles and the ones far away that do not start accelerating at the same instant. This
perturbation in the electric ﬁeld lines travelling away from the particle at the speed of light
is what we observe as electromagnetic radiation. The magnitude of these ﬁeld distortions is
proportional to the acceleration of the particle.
A synchrotron is a circular particle accelerator in which an electron beam travels in a
closed-loop path, where it is accelerated via undulators and bending magnets [202]. The
electron beam is usually generated by electron gun as described earlier, and, in a synchrotron
light source, the electron is deﬂected transversely to its direction of motion via magnetic ﬁelds.
This radial acceleration can be very large and consequently, so is the emitted radiation. The
light source used bending magnets in which the synchrotron radiation is emitted tangentially,
this radiation can range over the entire electromagnetic spectrum. Through undulators, which
generate periodic perturbations of the electric ﬁeld lines, the radiation emitted from each
consecutive bend overlaps and generated a more focused beam. The gap between the rows of
magnets can be modiﬁed accordingly to a speciﬁc wavelength of the X-rays (see ﬁgure 3.7).
Figure 3.7: Left: synchrotron image (EPSIM 3D/JF Santarelli, Synchrotron Soleil). Right:
image of a storage ring by European Synchrotron Radiation Facility (ESRF), both in France.
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3.2.2 X-ray interaction with materials
When imaging a sample, the X-rays pass through the sample and interact with its diﬀerent
materials before impacting on a detector as illustrated in ﬁgure 3.8.
Figure 3.8: Typical tomography set up [231] where generated X-rays pass through the sample
and the attenuated rays are perceived by the detector.
Figure 3.9: The diﬀerent electron shells. Image from The Essential Physics of Medical Imaging
[32]
The interaction between X-rays and matter usually occurs as either scattering or photo-
electric absorption. An example is Compton scattering which is predominant for air, water
as well as soft tissues for high X-ray energies (5 - 10 MeV). It is an interaction between
photons and the outer-shell electrons. When an X-ray photon collides with an electron of an
atom, it can, if its energy is greater than the binding energy of the shell, eject the electron
from the atom. This binding energy, expressed in electron volts (eV), is the energy needed
to completely expel the electron from its atom against the attractive force of the nucleus. It
depends on the shell and on the element: closer the shell is to the nucleus and the higher
the atomic number, the greater will be the binging energy. In such interactions, a scattered
photon is then emitted with some reduction in energy relative to the incident photon. This
type of interaction is largely controlled by the electron density. Another type of scattering is
Rayleigh scattering which accounts for less than 5 % of the X-ray interactions above 70 keV
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and at most for 10 % at 30 keV. In this phenomenon, the photon interacts with the whole
atom. Indeed, the electric ﬁeld of the incident photon electromagnetic wave expends energy
causing all of the electrons in the scattered atom to oscillate in phase. The atom’s electron
cloud immediately radiates this energy, emitting a photon of the same energy but in a slightly
diﬀerent direction.
In the photoelectric absorption which is the predominant for low X-ray energies (50 - 100
keV), the X-ray photon interacts with outer-shell electrons and ejects one of them just as
in the Compton scattering. In each case, the holes created in the atomic shell are ﬁlled by
electrons falling from a shell further out with an emission of a series of photons of characteristic
radiation. This characteristic radiation has very low energy and it is absorbed immediately
with the ejection of a further low-energy electron. All the original photon energy is converted
into the energy of the electronic motion and is said to have been absorbed by the material.
Photoelectric absorption is greatly dependent on atomic number. The beneﬁt of photoelectric
absorption is that there are no scattered rays to degrade the image. Also the probability of
the photoelectric absorption as a function of photon energy exhibits sharp discontinuities
called absorption edges. The probability of interactions for photons of energy just above an
absorption edge is much greater than that of the photons of energy slightly below the edge.
In some cases contrast agents like barium or iodine are used to enhance X-ray absorption of
some materials. These contrast media emit characteristic rays that are suﬃciently energetic
to leave the material. Figure 3.10 illustrates the absorption edges of some substances.
Figure 3.10: X-ray attenuation as a function of energy for some elements used in [7], namely
Barium, soil and rock samples, Iodine, water and 1:6 mixture of water and KI. It can be
observed that all elements except water have absorption edges, illustrated by the sharp dis-
continuity in the attenuation curve.
All these interactions together form the general attenuation of X-rays by the material,
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called the absorption coeﬃcient, is noted µ and follows the Lambert-Beer’s law:
I = I0e−µx (3.1)
where I0 is the incident radiation and I the attenuated radiation after having passed through
the thickness x on the imaged object. X-ray will penetrate easily in materials having a low
absorption coeﬃcient, whereas, they will penetrate a relatively short distance in materials
having a high attenuation coeﬃcient. This law is valid for monochromatic X-ray beams in
which all photons have the same energy and cannot be applied for polychromatic beams to
calculate the X-ray absorption coeﬃcient of a speciﬁc material.
X-rays are electromagnetic waves and their propagation in an absorbing material can
be described with a complex-valued refractive index, that is one which contains a real and
imaginary part. X-rays can be both absorbed and refracted (a change in the propagation
direction) [8]. When X-rays travel through an object, their absorption or attenuation refers
to the decrease in amplitude of the wave (imaginary part), but their phase is also altered, that
is a change in the speed of the wave (real part) [231]. This means that for non-transparent
objects, the intensity distribution beyond the sample consists both of absorption contrast
(absorbed rays) and phase contrast (refracted rays). In phase contrast imaging these intensity
variations of the phase of the emerging radiation are captured by a detector. Phase contrast
tends to become more appreciable with increasing distance between the sample and detector.
This is because a longer propagation distance beyond the sample will allow more convergence
and divergence of refracted rays to occur [231].
Phase contrast imaging is more sensitive to density variations in the sample, leading to
images with improved contrast in soft tissues which usually have a weak X-ray absorption.
This provides important medical imaging applications for example cancer tracing. Indeed,
signs of malignant breast tumour were shown to be enhanced in phase contrast imaging along
with reduced radiation doses [117]. There exist four main techniques for X-ray phase contrast
imaging which employ diﬀerent principles to convert phase variations into intensity variations
at an X-ray detector. The most commonly employed is propagation-based or in-line phase
contrast as its set up is very similar to conventional x-ray tomography. The only diﬀerence is
that the detector is placed in some distance beyond the sample to achieve high spatial coher-
ence, that is the amplitudes of waves is highly correlated between diﬀerent points transverse
to the direction of propagation [232]. Propagation-based phase contrast imaging is the only
technique applicable on polychromatic beam [231]. The other techniques namely interferom-
etry, grating interferometry and diﬀraction enhanced imaging usually rely on coherent and
monochromatic illuminations [231]. These techniques require quite sophisticated equipment,
such as synchrotron sources and high resolution X-ray detectors and will not be detailed here.
3.2.3 Creating a 3D image X-ray micro-tomography image
To produce a tomographic image in three dimensions, the sample is rotated in the beam
and multiple projectional radiographs are acquired. By this technique, the distribution of
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the attenuation coeﬃcients in 3D is known and can be mathematically back-calculated based
on the tomographic reconstruction algorithm (an inverse problem) of mathematical basis
laid down by Johann Radon in 1917. Three reconstruction techniques are currently used:
the ﬁltered back projection algorithm, the precise but computationally expensive iterative
reconstruction methods and the Feldkamp algorithm that was developed for cone beam re-
construction [73]. The detail of these algorithms are out of the scope of this work and will not
be described here. In this work, the employed micro-tomograph used a Feldkamp algorithm
for reconstruction.
Prior to reconstruction, noise reduction algorithms for X-ray imaging artefacts can be
implemented. Typical imaging artefacts are beam hardening and ring artefacts. Beam hard-
ening arises when a polychromatic beam penetrates a sample, X-rays having lowest energies
are rapidly absorbed upon impact, leaving the beam with more energetic ("harder") rays.
Thus, the beam perceives a higher absorption coeﬃcient as it enters the material and be-
comes less attenuated further in. This artefact can be seen as a diﬀerence in the grey levels of
the same material close to the edge and inside of the sample. This artefact can be decreased
by ﬁltering the low energies via the use of a metal sheet that is placed between the source and
the sample. The metals elements chosen for ﬁltration usually have a high atomic number to
attenuate the low energy photons; aluminium (Z = 13 , EK = 1.6keV ) is most often used [4].
Ring artefacts are the consequence of a non-uniform sensitivity of the detector which form
concentric rings on the tomographic image. Algorithms that can correct or at least decrease
this artefact before reconstruction of the volume, have been developed [231]. Figure 3.11
illustrates these two types of artefacts.
Figure 3.11: X-ray CMT common artefacts: beam hardening (left) which can be observed as
the diﬀerence in gray level of the same material near the sample’s edge [231] and ring artefacts
(right) appearing as concentric circles on the cross section of a superconductor strand [26].
White dashed circles were added to aid visualisation.
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3.2.4 Employing X-rays to image biofilms in porous media
As indicated above, X-ray micro-tomography has been used to image bioﬁlms in porous
media. This technique theoretically enables the imaging of large volumes (millimetre to
centimetre scale) with micrometer (isotropic) spatial resolution [231]. The diﬀerent phases of
a sample are diﬀerentiated by their X-ray absorption coeﬃcients which is intrinsic to their
atomic nature. Bioﬁlm, which is up to 97 % composed of water [238], has an X-ray absorption
coeﬃcient very similar to water. Therefore, when imaging a water-saturated porous medium
containing bioﬁlm, contrast agents must be used to diﬀerentiate between the bioﬁlm and the
surrounding aqueous phase.
Few contrast agents have been developed, namely barium sulfate [58], silver-coated micro-
spheres [106], 1-chloronaphtalene [174], iodide solutions [125] and iron(II) sulfate [33], in order
to enhance a speciﬁc phase (bioﬁlm or aqueous) or interface in the sample. Figure 3.12 illus-
trates the available contrast agents and the phase whose X-ray absorption is consequently en-
hanced. Iodide solutions (potassium or sodium iodide) dissolves in both the aqueous phase and
the bioﬁlm, it is believed to be retained in higher concentration in the bioﬁlm phase. Iron(II)
sulfate (melanterite) marks the bioﬁlm phase only. Barium sulfate and 1-chloronaphtalene
mark the aqueous phase, the former being in the form of a concentrated suspension and the
latter being an oily solvent. Silver microspheres stick on the bioﬁlm surface, enhancing the
water/bioﬁlm interface.
The use of barium sulfate as a contrast agent for 3D computed tomography imaging of
bioﬁlms within a porous medium on a laboratory X-ray machine, has been established by
Davit et al. in 2010 [58]. Barium sulfate (BaSO4) is a white powder which is insoluble in
water and low concentrations acid, and therefore non-poisonous. This metal salt is widely
used in pigments for paints and in the medical ﬁeld as a radio-contrast agent for imaging the
digestive track, in which case, the powder is stirred into water and ﬂavoured, making an inert
suspension which is then swallowed by the patient.
Validation of the method was done via comparison of images acquired through opti-
cal shadowscopy imaging of a 2D model consisting of two transparent PMMA (polymethyl
methacrylate) plates (3 mm thick) packed with polystyrene beads of diameter ranging from
500-1500 µm. Prepared river (Garonne) water was continuously ﬂown though this model
for 10 days until suﬃcient bioﬁlm was formed. Because the X-ray absorption coeﬃcient of
polystyrene beads is very similar to those of water and bioﬁlm, an iodine-based contrast agent
(potassium or sodium) was used in addition to the barium sulfate. The iodides would diﬀuse
into the bioﬁlm and water while the insoluble barium sulfate would readily disperse in the
aqueous phase only. The barium sulfate particles are normally too large to penetrate the
bioﬁlm matrix. If they ever do, they are believed to be rapidly immobilised as the motion of
micrometer-sized particles is known to be heavily constrained in a bioﬁlm, thus limiting their
penetration.
The 2D model was then lit from beneath using a white LED backlight and camera pic-
tures were taken from above. Afterwards, 10 ml of the contrast agent solution comprised of
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Figure 3.12: Potentially available contrast agents, enhancing the contrast of a speciﬁc phase
or interface in a bioﬁlm-water sample. Iodide solutions and Iron(II) sulfate mark the bioﬁlm
phase, barium sulfate and 1-chloronaphtalene mark the aqueous phase and silver microspheres
enhance the water/bioﬁlm interface. Bioﬁlm image obtained by two-photon microscopy.
0.33 g/ml barium sulfate and 0.1 g/ml potassium iodide, was introduced into the model which
is then left to sit for 1.5 hours. A radiographic image was subsequently taken. 3D imaging
in porous media was then performed using a polystyrene column (3.5 mm inner diameter)
ﬁlled with polyamide beads (3 mm diameter) having a diﬀerent X-ray absorption than water.
Bioﬁlm was grown within the model by the same process as described earlier and imaging
was performed, before and after bioﬁlm growth, using X-ray micro-tomography with barium
sulfate only as a contrast agent. The images (see ﬁgure 3.13) showed that bioﬁlm has grown
on the beads and the barium sulfate seemed to give good delineation of the bioﬁlm tortuous
surface.
There is a good comparison between (1) and (2) and a correlation is clearly apparent
even if some discrepancies are observed. The shadowscopy image shows more bioﬁlm than
the radiograph for regions A and B and less bioﬁlm for region C. Two possibilities were
considered to explain these diﬀerences. The ﬁrst one was the inherent 3D nature of the model
being imaged by 2D-shadowscopy. This optical method does not diﬀerentiate between bioﬁlm
formed on the top or at the bottom of the PMMA plates and focused primarily on the top
section, whereas X-rays looked for barium sulfate concentration throughout the whole volume.
The better penetration of X-rays in the specimen than visible light thus showing ﬂow channels
containing barium sulfate that the shadowscopy could not perceive. The second possibility
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(1) (2)
Figure 3.13: Images of bioﬁlm in 2D porous media by shadowscopy (left) and X-ray radiog-
raphy (centre). Region of diﬀerent colour map were chosen for comparison. Right: 3D image
of bioﬁlm (purple) in porous media (gold) using X-ray micro-tomography [58].
was the shear stress imposed by the viscosity of the barium sulfate suspension on the bioﬁlm
surface which could cause bioﬁlm damage and detachment especially in region A where thin
bioﬁlm structures could have been ripped.
Iltis et al (2011) [106] proposed the use of silver-coated microspheres (diameter 5 - 15 µm)
as a contrast agent for imaging under synchrotron-based X-ray CMT. Imaging with light
microscope was used as a validation for this method on a 2D micromodel of ﬂow cells of PDMS
(polydimethylsiloxane). Shewanella Oneidensis, a gram-negative and polarly ﬂagellated, was
used to grow bioﬁlm in tryptic soy broth for 12 days. The ﬂow chamber had dimensions
9.8 × 30.0 × 3.4 mm containing 1 mm-diameter cylinders 1 mm apart. After inoculation in
the micromodel, the culture sat for 24 hours after which a ﬂow of tryptic soy broth (TBS) of
0.01 mL/min was maintained for 12 days.
The contrast agent, a concentrated solution of silver-coated microspheres of average di-
ameter 10 µm was inoculated in the ﬂow chamber and subsequent rinsing with TBS was done
to wash oﬀ unattached microspheres. Imaging was done straight after. A light microscope
was used to obtain images at a resolution of 1.4 µm/pixel and the same micromodel was
subsequently imaged with CMT at an energy level slightly above the K-shell absorption edge
for silver (25.5 keV). Two distinct features were selected, and comparison between light mi-
croscopy and CMT was performed. 3D imaging was done on a 3D model composed of column
packed with glass beads. Figure 3.14 shows these features together with a 3D image of bioﬁlm
grown in porous substrate.
There is a good comparison between the two imaging techniques which shows various sim-
ilarities in the presence of bioﬁlm, despite the quite poor quality of the images which required
speciﬁc surface generating algorithm. Bioﬁlm surface area was measured for the two features
and the absolute error relative to light microscopy was 4.13 % and 1.82 % respectively. Even if
silver gave good contrast in CMT, this method is limited by the covering of the bioﬁlm surface
by the silver microspheres which can be uneven and restricted to bioﬁlm surfaces exposed to
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Figure 3.14: Left: images of bioﬁlm in 2D porous media by light microscopy (top) and X-
ray CMT (bottom). Right: 3D image of bioﬁlm (green) in porous media (gold) using X-ray
micro-tomography [106].
ﬂow channels. Regions occluded from ﬂow and dead-end pores can be wrongly attributed to
bioﬁlm or ﬂuid depending on their surroundings and microspheres can be trapped in small
pores. Since the method relies on the deposition of silver-coated microspheres on the bioﬁlm
surface, it is limited to providing insights into changes in the morphology of the bioﬁlm, but
the complete coating of the bioﬁlm surface is much questionable. It should also be noted that
silver is a biocide and the bioﬁlm may react rapidly in contact with the microspheres.
Another contrast agent, 1-chloronaphtalene, C10H7Cl is used by Rolland du Roscoat
et al. (2013) [174] and Ivanovic et al. (2016) [109] for visualising of bacterial bioﬁlms in
porous media using synchrotron X-Ray micro-tomography and laboratory X-ray machine. 1-
chloronaphtalene is an oily solvent that has been used to image snow samples [76]. In Rolland
du Roscoat et al. (2013) their results are compared with barium sulfate for validation and
in Ivanovic et al. (2016), an analysis of the reproducibility of their bioﬁlm growth method
was performed. For the validation of the contrast agent, 3D models of Pseudomonas putida
bioﬁlm was grown for 13 days in glass columns (10 mm inner diameter and 20 cm long) ﬁlled
with porous clay beads of 3 mm diameter and Luria Bertani medium. The ﬂow cell was then
ﬁlled with 1-chloronaphtalene and scanned by CMT, after which it then drained from the
1-chloronaphtalene and ﬁlled with barium sulfate to be re-scanned. The two contrast agents
were then compared on their respective homogeneity and the facility with which the bioﬁlm
and liquid phase could be separated using segmentation techniques. It is important to note
that the barium sulfate used here is the 99 % ChimiePlus powder [174] at a concentration
of 0.33 g/mL - which is diﬀerent from the barium sulfate suspension used by Davit et al. in
2010 [58].
The X-ray energy used was 52 keV due to the high absorption of the clay beads and the im-
portant thickness of the glass column. Because the absorption coeﬃcient of 1-chloronaphtalene
and bioﬁlm are very close, phase contrast imaging was used following the Paganin mode, in
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which the camera is set about 1 m far from the sample. The pixel size was 5 µm. For their
operator-dependent analysis, the authors used a laboratory X-ray machine with (parameters
110 keV and 90 µA). Figure 3.15 shows the results obtained for both 1-chloronaphtalene and
barium sulfate powder.
Figure 3.15: Images of the sample with 1-chloronaphtalene (left) and precipitated barium
sulfate (right). Images from Roscoatet al. 2013 [174]
1-chloronaphtalene provides less contrast than the barium sulfate powder but it does seem
to delineate the bioﬁlm better. It also provides a homogeneous grey level which certainly
decreased the bias induced during image segmentation. A limitation of this contrast agent
would be its immiscibility in water which may induce two-phase ﬂows in a water-saturated
porous medium. This can particularly be the case when the pores size are smaller and where
the capillary pressure could become too important. During there experiments, Roscoatet al.
2013 and Ivanovic et al. (2016) used columns of large enough dimensions where this eﬀect
could be negligible. Another aspect is the nature of 1-chloronaphtalene which is a powerful
solvent and biocide which could potentially damage the bioﬁlm upon contact.
Another unpublished approach by Klibert, in 2015 [125] used synchrotron CMT and iodine
as a contrast agent. This method used compact, roughly spherical granular bioﬁlms from a
waste water reactor and exploited the fact that this type of bioﬁlm retains more iodine than
the bulk ﬂuid and this slight diﬀerence in concentration can be detected using absorption-edge
synchrotron CMT to estimate iodine concentrations. Also, light rinsing of the porous reactor
removed iodine in the bulk ﬂuid, and it was found that the bioﬁlm retained some iodine
allowing for better contrast at imaging. This method seems quite interesting even though the
delineation of the bioﬁlm surface was said to be questionable by the authors. Indeed, iodine
is rapidly washed from the bioﬁlm while rinsing, especially on the edges of the bioﬁlm. This
approach being also very speciﬁc to compact granular bioﬁlms.
Finally, an approach consisting of introducing iron sulfate (FeSO4 more precisely iron sul-
fate heptahydrate or melanterite FeSO4.7(H2O)), a natural organic compound, in dilute form
continuously during bioﬁlm growth which bounded to the EPS matrix, was proposed by Carrel
et al.(2017) [33]. The X-ray tomographic apparatus was a custom made and propagation-
based phase contrast was exploited as the sample had very low X-ray absorption. The authors
implemented a special ﬁlter in Fourier space (Lorentzian ﬁlter[33]) to the raw images prior
to tomographic reconstruction to enhance the signal to noise ratio. Comparison with barium
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sulfate suspension was performed as validation of the method.
The porous media consisted of Naﬁon pellet of 2.5 mm diameter, having similar physical
and chemical properties to coarse sand grains, in a PMMA tubular reactor (inner diameter
10 mm, length 160 mm). Water, 1 g/L of glucose and 56 mg/L of FeSO4 were constantly
ﬂown through the bioreactor (closed loop) for 7 days, at a volumetric ﬂow rate of 5 mL/min.
The porous substrate was imaged by implementing a very long source-to-detector distance
(23.30 m) on the X-ray laboratory source to enhance the refraction eﬀects occurring as the
X-rays travel through the sample. Imaging was performed at 50 kV and 190 µA. The column
was then injected with barium sulfate and re-scanned but in absorption contrast (at 80 kV
and and 120 µA) as barium is highly absorbent. Figure 3.16 shows the images of the column
with bioﬁlm marked with FeSO4 and the same column with barium sulfate enhancing the
contrast fo the ﬂuid phase. The segmented images are also shown.
Figure 3.16: (A) bioﬁlm column imaged in phase contrast with bioﬁlm marked with FeSO4
and (B) in absorption contrast (right) with the ﬂuid marked with BaSO4. On the right
corresponding segmentation performed for volume analysis. The centre image represents the
grey level histograms of (A) and (B) [33].
This innovative method is the ﬁrst one to readily mark the bioﬁlm phase only with very
promising results. Its sophisticated image processing enables to enhance the contrast provided
by the bioﬁlm before image segmentation, which presented some diﬃculties at a threshold
step. A limitation of this contrast agent is the fact that it has to be introduced continuously
during bioﬁlm growth. On speciﬁc strains like P. aeruginosa, FeSO4 ions could also modify
the elasticity of the EPS matrix.
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3.3 Inquiry regarding the need of protocols for biofilm obser-
vation in porous media
Despite the approaches previously detailed, the need for new methods to observe bioﬁlms
in porous media still remains as every contrast agent was developed for the bioﬁlm system
under study along with the available techniques for imaging. This limits the application
of a speciﬁc contrast agent to a diﬀerent type of porous medium and/or bacterial strain.
Additionally, the validation of such methods yield complex technical diﬃculties as it required
imaging a living bioﬁlm two times and with a minimum of impact. The ﬁrst two approaches,
Davit et al [58] and Iltis et al [106], tested their methods against known optical imaging
techniques for bioﬁlms and the last two studies, Roscoat et al [174] and Carrel et al [33],
compared their approaches to barium sulfate using X-rays. Ideally, a 3D validation with a
known imaging technique for bioﬁlm imaging would be required as:
1. 3D aspects cannot be observed in 2D like the distribution of bioﬁlm on the walls of the
bioreactor.
2. X-rays can have a negative impact on bioﬁlm structures as well as bacteria which pos-
sibly induced modiﬁcation in the spatial distribution of the bioﬁlm inside the porous
structure during the experiment.
An important aspect when it comes to development of protocols is the evaluation of
uncertainty related to the approach. A quantitative analysis of the methods via an imaging
phantom would be required in order to compare their precision and also know to which extent
the measurement are accurate.
Considering the variability of porous media and of bioﬁlms types [200], there is a crucial
need for the widest possible range of available contrast agents. Technical aspects need also
to be taken into account, especially when access of the imaging technique, like a synchrotron
source or phase contrast, is needed for phase diﬀerentiation. All these parameters inﬂuence
the properties of the ideal contrast agent for a speciﬁc study. Improving available contrast
agents and ﬁnding new ones more adapted to diﬀerent situations is highly encouraged for the
progress of the study of bioﬁlms in porous media. For example, with the increasing number
of bioﬁlm-related studies, solutions for particular inquiries, like the sampling of wild bioﬁlms
in soils, which does not enable contrast agent injection during the bioﬁlm growth process, the
bioﬁlm research being held in places with no access to large X-ray imaging apparatus, the
study of porous media with very small pores requiring sub-micro spatial resolution, or the
investigation of very thin bioﬁlm structures, for example streamers. All of these situations
will require, at some point, a speciﬁc contrast agent.
In this work, we will address these questions and evaluate the possibilities of a new contrast
agent using X-ray micro-tomography.
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4Thesis Purview
The work presented in this thesis is centred on two inquiries namely the study of "bioﬁlm-
hydrodynamics" in 3D porous media under controlled physical and biological conditions and
the 3D imaging of bioﬁlms in opaque porous structures. As the investigation of bioﬁlm-
hydrodynamics is partly limited by direct 3D observation of bioﬁlms in porous media, we
addressed this question primarily. Chapter I introduces the framework and the following
chapters are focused on our work.
The second chapter is titled Proposal of a biofilm imaging protocol using X-ray
micro-tomography and it proposes a potential answer to the issue of direct 3D observation
of bioﬁlms in porous media. The aim is to provide such an imaging protocol using X-ray micro-
tomography (X-ray CMT) for a speciﬁc type of porous substrates. In this work, a meso-scale
3D-printed pack of bead with known porosity and pore size distribution is aimed. A mixture of
barium sulfate suspension and low-gelling temperature agarose is proposed as an improvement
of the contrast agent used by Davit et al 2010. A 3D validation of the use of this contrast
agent is presented by comparing bioﬁlm volumes, 3D surface areas and thicknesses acquired
by two-photon laser scanning microscopy (TPLSM), here chosen as control. The uncertainty
of the measurements obtained by both imaging modalities is evaluated. An image phantom
of known dimensions is put through all the acquisition and processing procedures and the
deviation from the original dimensions is measured. Also, three segmentation techniques are
tested to evaluate the bias relative to image binarization.
This chapter is structured as follows: in the "Introduction", the contrast agent choice
is explained and the importance of a 3D validation, along with uncertainty measurements,
against a reference imaging technique for biology is described. The "Material and methods"
part details the steps of contrast agent preparation, bioﬁlm growth, image acquisition and
processing. It also covers the various trials that were attempted to achieve the presented
results, this includes the choice of a TPLSM lens and various imaging settings. Appendices
are regularly referenced for more information. The "Results" section shows the outcome of our
protocol and image processing, the "Discussion" section examines its advantages and limits.
The diﬃculties encountered are also mentioned. Finally, the conclusion of the accomplished
work for this protocol is assessed.
The contribution of this chapter is a novel and complete protocol for bioﬁlm imaging in
porous media from bioﬁlm growth to quantitative analysis of processed images. The very ﬁrst
3D comparison of X-ray CMT with a known technique is accomplished as well as the evalu-
ation of uncertainty of the method. Signiﬁcant time has been invested on the preservation of
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the living bioﬁlm sample as it underwent the two imaging modalities. Contrast agent prepa-
ration and injection are also optimized. The quantitative analysis of bioﬁlm metrics along
with uncertainty measurements give relevant information about the quality of the protocol.
We then address the second inquiry on "bioﬁlm-hydrodynamics" in porous media in the
third chapter titled Design of an experimental workbench for the characterisation
of biofilms in porous media under controlled growth conditions. In this chapter, we
propose an experimental set up capable of controlling and monitoring various physical and
bio-chemical parameters inﬂuencing the development of bioﬁlms in porous media. Our set
up enables a complete control over ﬂow rate and pattern, whether stable, ﬂuctuating or even
customized, nutrient concentration and temperature as well as porous media type - including
porosity and pore size. The various sensors enable to follow non-destructively and in real-
time the evolution of the permeability and O2 consumption across the porous substrate. An
innovative 3D-printed bioreactor with embedded porous medium is designed to be completely
water-tight while allowing for continuous measurements of diﬀerential pressure, temperature
and O2 concentration across the porous structure. Additionally, an online spectrophotome-
ter monitors the eﬄuent ﬂow, scanning possible bioﬁlm detachment. We have also devised
methods to counter the issue of bioﬁlm spreading via germicidal UVC-targetted regions and
adequate separation of nutrient and water as described in chapter II. The use of 3D print-
ing also provides the crucial advantage of replicate porous structure, thus allowing for more
rigorous analysis.
The "Introduction" section discusses the essential aspects of designing such an experimen-
tal set up with the diverse factors to be taken into account for a controlled setting. In the
next section, the proposed ﬂuidic circuit along with all its instruments are presented. In the
"Performance of the system" section, we detail the measurements that are monitored and how
they are processed and statistically analysed. Finally, the experimental opportunities this
workbench unlocks as well as its limitations are discussed.
The contribution of this part is the achievement of an experimental set up of high level
of accuracy along with a complete protocol of use. The bioﬁlm growth physical and bio-
logical factors are either controlled or monitored in real-time, allowing the investigation of
bioﬁlm development with only one varying parameter. Our experimental set up unlocks many
possibilities of investigation of "bioﬁlm hydrodynamics" in porous media.
At last, the fourth chapter: Example application: Investigating the effects of flow
velocity on the temporal development of P. aeruginosa biofilm in porous media.
is focused on the very ﬁrst experiments held with the entire set up described above. The full
workbench required a considerable amount of time to elaborate and only few experiments were
held with it complete. We grew bioﬁlms under three diﬀerent ﬂow rates namely 0.5 ml/min,
1 ml/min and 2 ml/min. For some ﬂow rates, we also imaged the porous structures with the
protocol elaborated in chapter II using X-ray micro-tomography along with the novel contrast
agent combining barium sulfate and low-gelling temperature agarose. This enables to obtain
the spatial distribution of the biomass but also the ﬂuid pathways across the porous medium,
which unlocks important information about "bioﬁlm-hydrodynamics" in porous media. The
measurements obtained from the diﬀerent ﬂow rates are analysed and the inﬂuence of ﬂow
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rate on the temporal development of bioﬁlms are obtained.
The "Introduction" highlights our hypothesis and methodology. The "Material and meth-
ods" part details the diﬀerent steps of bioﬁlm growth along with image acquisition and pro-
cessing. The "Results" section shows processed bioﬁlm-growth-related measurements and
their analysis as well as the 3D images obtained and the metrics extracted - namely per-
centage biomass and evolving porosity. The results, their validity extent and the diﬃculties
encountered are then discussed and ﬁnally the conclusion of the accomplished work for this
methodology is assessed.
The contribution of this part is a new and elaborated methodology for the study of bioﬁlm
development in 3D porous media. It combines both the imaging protocol of bioﬁlms in 3D
opaque porous substrate and a highly sophisticated workbench for bioﬁlm growth where the
physical and biological parameters are controlled and monitored. We believe this methodology
will bring much insights on the understanding of the various phenomena of bioﬁlms in porous
media.
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Chapter II
Proposal of a biofilm imaging
protocol using X-ray
micro-tomography
51

5Introduction
Observing bioﬁlm formation in 3D and generally opaque porous structure is quite lim-
ited via commonly used optical imaging methods like confocal laser scanning microscopy. As
discussed previously, X-ray computed micro-tomography (X-ray CMT) enables, in theory,
the imaging of large volumes of porous media with sub-micron resolution. Previous stud-
ies employing this technique lacked a 3D comparison with existing methods as well as the
evaluation of the uncertainty linked to their approach. In an attempt to propose a complete
protocol for imaging bioﬁlms using X-ray CMT, we compared an approach based on X-ray
micro-tomography with two-photon laser scanning microscopy (TPLSM) using a new contrast
agent combining low-gelling temperature agarose with barium sulfate. We hypothesized that
the presence of agarose should resolve the sedimentation issue of barium sulfate particles.
TPLSM was chosen as it is a commonly employed imaging modality for bioﬁlms and also
enables imaging large volumes of hundreds of micrometers.
In this chapter, we describe our protocol along with its evaluation. For our method,
bioﬁlms were grown in glass capillaries as the simplest type of porous media model which en-
abled for the use of both TPLSM and X-ray CMT. We have developed an innovative system
involving additive manufacturing, which eased the manipulation of the capillary as it under-
went the two imaging modalities acquisition processes while remaining completely watertight.
A quantitative analysis of 3D metrics obtained by both imaging modalities was performed
along with an evaluation of the uncertainty related to our protocol via calibrated imaging
phantom consisting of mono-dispersed ﬂuorescent and X-ray absorbent beads. Additionally,
three diﬀerent segmentation techniques, namely hysteresis, watershed and region growing,
were employed to determine the bias relative to image binarization. Metrics such as volume,
3D surface area and thickness were measured and quantitative comparison of both imaging
modalities along with the uncertainty yielded by our protocol was achieved.
At ﬁrst, we shall describe our material and methods for bioﬁlms growth, imaging as well
as image processing. We then present our results and discuss the evaluation of each methods.
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6Materials and Methods
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6.1 Contrast agent preparation
The contrast agent was prepared beforehand of each experiment. It consisted of a mixture
of commercially available medical-grade barium sulfate suspension (Micropaque®, Guerbet)
and Sigma-Aldrich® low-gelling temperature agarose. This low-gelling temperature agarose
was specially chosen because it enabled the injection of the contrast agent in liquid form. In-
deed, it was introduced in the capillary in ﬂuid phase at 37℃ and its polymerization was then
induced by cooling down the sample in the range 8℃ to 17℃. Once polymerized, the hydro-gel
remained solid due to a hysteresis eﬀect for temperatures up to its melting point (∼ 50℃),
which allowed imaging using X-ray CMT at room temperature without de-polymerization.
The gel solution was prepared at a w/v concentration of 2 % by mixing 0.2 g of agarose
powder with 10 ml of bacterial culture medium in an Erlenmeyer ﬂask. The mixture was
then autoclaved at 121℃ to ensure complete dissolution of the gel powder and sterilization of
the mixture. After autoclaving, barium sulfate suspension was added to the non-polymerized
gel to achieve a concentration of 50 % w/w of the gel solution. In order to perform such
manipulation, the density of the barium sulfate suspension had to be measured beforehand.
Details of this small experiment can be found in appendix A.1.
Barium sulfate particles were approximately 1 µm in size and are insoluble in water. The
stock product contained 1 g per ml of barium sulfate. The mixture was vortexed and ﬁltered
using a vacuum pump with 30 µm nylon ﬁlters to remove barium sulfate aggregates. The
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ﬁnal concentration of barium sulfate in the contrast agent was approximately 30 % by weight,
slightly decreased by the ﬁltration procedure.
The contrast agent was then poured into a sterile centrifuge tube and was left to stand
in a 40℃ water bath. Just before injection, the centrifuge tube was well shaken to prevent
the settlement of the barium sulfate, it was degassed in a vacuum bell jar and introduced in
a sterile syringe.
The rheology of the contrast agent, that is, its ﬂow properties and how it deforms under
an applied stress, was assessed using a Thermoﬁsher® cone and plate rheometer. The details
of this procedure can be found in appendix A.2. The viscosity of three samples of contrast
agents samples was measured for diﬀerent shear rates at a ﬁxed temperature of 37℃. This
temperature was chosen for it is the one at which the contrast agent was introduced in the
bioﬁlm sample. The viscosity of undiluted barium sulfate suspension was also measured as
control.
6.2 Biofilm growth protocol
6.2.1 Strain preparation and capillary inoculation
Pseudomonas Aeruginosa (ATTC 10145) expressing green ﬂuorescent protein (GFP) was
used for this experiment. Pseudomonas Aeruginosa is a gram-negative, facultatively anaerobic
bacterium well known in hospitals for causing infections and having a considerable resistance
to antibiotics. This bacterial strain has been used by various bioﬁlm researchers [75] and is
also known for producing sturdy bioﬁlms [136, 141]. Strict aseptic protocol was followed to
ensure that no contamination of the original strain occurred. This included sterilisation of
all instruments by autoclaving at 121℃, cleaning all working surfaces with 70° ethanol and
working under a recirculating hood.
Cultures were reconstructed from frozen stock in 6 ml of sterile culture medium (Nutrient
Broth from Sigma-Aldrich® with 300 µl of Ampicillin solution concentration at 6 mg/ml) and
incubated for 48 hours at 37°C in sterile centrifuge tubes.
The glass capillaries used were 5 cm-long square-cross sectional VitroCom® of inner width
500 µm × 500 µm, wall thickness 100 µm. These capillary dimensions were chosen to achieve
better images on the two-photon microscopy. Earlier experiments with larger capillaries of
diﬀerent cross-sections, for example a 600 µm × 600 µm squared cross-section with wall
thickness 120 µm and 600 µm-based triangular cross-section with varying wall thickness up
to 300 µm, all ended up with diﬃcult laser penetration, higher point spread function due
to important refractive index of glass and inability to image the whole cross-section of the
capillary. The smallest and thinnest available capillaries which could be adapted to our ﬂuidic
system were thus chosen.
Custom-designed 3D-printed caps ﬁlled with silicone were used to ensure water-tightness
56
at the capillary ends. Inoculation and ﬂow were done by piercing the caps with 30G needles
mounted on a syringe or luer ﬁttings respectively. On removal of the needle, the puncture
was closed, without intervention, by the silicone, ensuring the sealing of the caps.
Using a sterile syringe, 70° ethanol was ﬂushed into the capillary for sterilisation, followed
by culture medium. For capillary inoculation, cultures were washed via centrifugation at
3000 rpm for 15 minutes, supernatant was removed and the settled residue was resuspended
in 1 ml aliquot of fresh culture medium. The inoculum was then introduced in the capillary
using sterile syringe. The inoculated capillary was left to stand overnight.
It was noticed that repeated piercing and removal of the needles damaged the silicone
and caused the caps to leak. Thus, for sealing the capillary ends while it stood overnight for
inoculation and later, for transport to the two-photon imaging facility, the needles remained
in place and were closed with luer ﬁttings. The sealing capacity of the silicone-ﬁlled caps was
used after the contrast agent introduction for X-ray micro-tomography imaging.
6.2.2 Fluidic experimental set up
The ﬂuidic circuit for bioﬁlm growth was set up as shown in ﬁgure 6.1. It consisted of a
micro-ﬂuidic pressure controller (OB1 0 - 2 bars Elveﬂow®) pressurizing a reservoir ﬁlled with
ultra-pure water. The reservoir output ﬂowed through a ﬂow sensor (0.2 ml/min - 5 ml/min
Elveﬂow®) which was used to servo-control the ﬂow rate via a computer and the micro-ﬂuidic
pressure controller. This enabled maintaining a ﬁxed ﬂow rate throughout the circuit. A
Harvard® PHD 2000 syringe pump was used to introduce a concentrated culture medium
solution (30 times more than normal concentration) in the circuit.
Ultra-pure water and nutrient solution met at the T-junction before the capillary to allow
mixing and were separated to prevent bioﬁlm from spreading across the ﬂuidic circuit. In-
deed, if the main reservoir was ﬁlled with nutrient solution at normal concentration, bacteria
would move by chemotaxis and form bioﬁlm upstream until reaching the reservoir, fouling
the valves and sensors on its way. The nutrient solution in the syringe pump was prepared
at a concentration inhibiting bacterial development. Preliminary tests were carried out to
determine this concentrations (see appendix A.3) and bioﬁlm has been observed to develop
upstream up to T junction only. The ﬂuidic circuit was open and eﬄuent ﬂow from the
capillaries was directed to a waste reservoir.
The capillaries were carefully connected to the ﬂuidic circuit to prevent introduction of
bubbles and ﬂow rate was set at 800 µl/min ﬂow rate at which bioﬁlm was grown continually
for 2 days at room temperature (23.5℃ ± 1℃ thermostated room). The capillaries will be
referred to as ﬂow cells in the rest of this description.
After 48h, suﬃcient biomass has developed in the ﬂow cells for imaging.
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Figure 6.1: Fluidic circuit with which bioﬁlm was grown for 2 days at ﬁxed ﬂow rate.
6.3 Imaging protocol
6.3.1 Two-photon microscopy (TPLSM)
6.3.1.1 Staining the biofilm matrix
A tetramethylrhodamine (TAMRA) conjugate of Concanavalin-A (C80 ThermoFisher®
Invitrogen) was used to stain polysaccharides (α-mannoprosyl and α-glucopyranosyl residues)
from the extra-cellular polymetric matrix (EPS). The solution was prepared in 0.1 M sodium
bicarbonate solution at a concentration of 20 µg/ml of Concanavalin-A. The ﬂow cell was
disconnected from the ﬂuidic circuit for the introduction (at approximately 40 µl/min) of the
ﬂuorophore. Once eﬄuent ﬂow appeared pink, suggesting that the ﬂuorophore had reached
the end of the ﬂow cell, the ﬂuorophore injection was stopped and the ﬂow cell was left to
stand for 15 minutes before imaging to ensure the penetration of the ﬂuorophore.
6.3.1.2 Acquisition set up and parameters
Fluorescence imaging was performed using a 7MP Zeiss® two-photon microscope at the
Centre de Physiopathologie de Toulouse Purpan (CPTP) imaging facility. The imaging set
up for TPLSM is illustrated in ﬁgure 6.2. It can be observed that the microscope stage,
specimen holder and lens are enclosed in an opaque - due to dangerous laser radiation -
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and thermostated cubicle. This is because the majority of the specimen observed need to
be maintained at 37℃. Flow of culture medium was maintained inside the two-photon 37℃
thermostated cubicle, using a syringe pump, at half the growth ﬂow rate. Flow rate was
decreased to prevent potential bioﬁlm detachment which could be caused by the temperature
diﬀerence from growth conditions.
During the ﬁrst experiments, we used a 10× dry lens with numerical aperture 0.33. The
bioﬁlm images obtained were highly elongated in the Z-direction because of an important
point spread function. This signal distortion in the Z-direction was due to the diﬀerent
refractive indices (here of air, glass and water) the signal had to undergo to penetrate and
leave the sample. Several unsuccessful experimental modiﬁcations and image post-processing
were made to reduce this eﬀect. They are detailed in appendix A.4. Finally, we used a 20×
water immersion lens with numerical aperture 1 which revealed to be the best solution. As
a recall, the aperture controls the angle of the beam and thus its ability to gather light and
ﬁne details. The smaller the aperture, the deeper the penetration of the laser and the less
out of focus signal arrives to the detector. As two-photon microscopy does not generate out
of focus signal, large apertures can be used rendering better quality images.
Thermostated cubicle
TPLSM imaging set up
Syringe pump feeding 
nutrient solution to 
sample
Zoom on sample inside cubicle
Figure 6.2: Set up for TPLSM imaging: the black thermostated cubicle enclosed the sample
and lens (see zoomed section where the immersion lens can be observed), a green syringe
pump maintained ﬂow in the sample to prevent excess heating of the sample due the laser.
The excitation wavelength was 880 nm as it allowed excitation of both GFP (green chan-
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nel) and TAMRA attached with the Concanavalin-A (red channel). A Z-stack with laser
compensation was done over 600 µm of depth until no suﬃcient signal was perceived suggest-
ing the end of the ﬂow cell has been reached.
6.3.1.3 Rotation of the flow cell
Due to refractive index of glass, bioﬁlm grown on the ﬂow cell walls, in the laser direction,
was diﬃcult to observe. The custom designed caps and capillary holder with integrated
pool for immersion imaging, as illustrated in ﬁgure 6.3, enabled rotating the capillary at
4 diﬀerent angles namely, 0°, 90°, 180° and 270°. This capacity was used for imaging at
two diﬀerent angles, 0° and 90°, to gather information on the whole section of the ﬂow cell.
Spatial resolution was 1.186 µm/pixel for the focal plane and the Z step between two slices
was 1.5 µm. Acquisition time was 20 minutes for each angle.
Flow cell
Flow in
Flow out
Lens
Zoomed and sketched 
section on the right
Holder printed with 
integrated pool
x
z
y
x
z
y
Lens position above the ow cell
Figure 6.3: 3D printed capillary holder with silicone ﬁlled plugs and integrated pool for
immersion lens. The four notches enable 4 diﬀerent angles. The sketch on the right illustrates
the capillary’s position with reference to the lens.
Two-photon excitation was at 880 nm as indicated above, this meant exciting the ﬂuo-
rophores with infra-red radiation. The sample, consisting mainly of water, absorbed those
infra-red radiation and heated up. Flow was maintained inside the ﬂow cell during acquisition
to limit this heating eﬀect. Nevertheless, it could systematically be observed that the ﬂow cell
contained less bioﬁlm after two-photon imaging. This was why only two angles were imaged
as trials to image the four angles resulted in important damage on the bioﬁlm structures.
Indeed, practically all the visible to the eye bioﬁlm was ﬂushed from the capillary. We also
noticed that when using high power laser to penetrate very thick bioﬁlm structures (∼ 90 %
power laser, which was not the case for this work), "fractures" could be noticed in the bioﬁlm
(see ﬁgure 6.4).
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Figure 6.4: Bioﬁlm structure obtained on ﬁrst (0°) and fourth (360°) acquisition. Fractures
can be observed on the 360° image, showing the eﬀect of a high power laser on the bioﬁlm.
6.3.2 X-ray micro-tomography (X-ray CMT)
When ﬂuorescence imaging was completed, the contrast agent for X-ray micro-tomography
was immediately introduced.
6.3.2.1 Contrast agent introduction
The injection was performed using the same syringe pump used to maintain the ﬂow
during TPLSM acquisition. A syringe containing the contrast agent was connected to the
ﬂow cell with precaution so as not to introduce bubbles. We proceeded to an introduction
at a ﬂow rate 10 times less than the growth ﬂow rate as no bioﬁlm sloughing was observed
at this ﬂow rate during previous experiments. Once eﬄuent was white due to the barium
sulfate, the needles were slowly removed to avoid potential pressure oscillations. The ﬂow cell
was refrigerated at 4℃ for 15 minutes for rapid polymerization of the gel which prevented
sedimentation of the barium sulfate particles.
The X-ray machine being 40 mins away from the TPLSM centre, the sample was kept in
a sealed bag with ice.
6.3.2.2 Acquisition set up and parameters
We then proceeded to X-ray CMT image acquisition using a Phoenix Nanotom® with a
Tungsten target at 90 kV and 80 µA. Lowest possible voltage and amperage were selected
to prevent excessive heating of the sample and de-polymerizing of the agarose. In addition,
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shortest possible scanning time (500 ms per frame) and minimum averaging (3 frames) were
selected to reduce total acquisition which was about 1 hour and 30 minutes for images of 2000
× 2000 pixels of size 2 µm. Before reconstruction, the raw acquisition was corrected for ring
artefacts and for movement of the sample. Some barium sulfate aggregates were observed as
white bright spots even though the contrast agent had been ﬁltered.
6.4 Uncertainty measurement
In order to measure the errors generated during every step of image acquisition and
processing, an imaging phantom consisting of several ﬂuorescent mono-dispersed beads (Sigma
Aldrich®) of diameter 6 µm±0.18 µm was used. The dimension and conﬁdence interval were
given by the supplier. Imaging for both modalities was performed under the same parameter
conﬁguration as for the ﬂow cell containing bioﬁlm. The beads were also imaged using bright-
ﬁeld microscopy as second control (see Appendix A.5 for details). For evaluation of TPLSM,
0.2 µl of the bead solution was mixed with 40 µl of agarose gel which had a similar refractive
index as that of water. The mixture was then introduced in a glass capillary, which was sealed
and refrigerated for polymerization. For X-ray CMT, 0.5 µl of the bead solution was mixed
with 40 µl contrast agent and introduced in a capillary. The capillary was then refrigerated
for 15 minutes for polymerization of the contrast agent. The micro-spheres were ﬂuorescent
and highly X-ray absorbent, almost as absorbent as the barium sulfate aggregates as shown
in ﬁgure 6.6.
6.5 Image processing
Image processing was carried out using Avizo® 9 Fire Edition software. Several features
and functions of the software were used for pre-processing, ﬁltering, segmenting the images
and extracting required metrics. They are listed and explained below.
• The "Deconvolution" function (TPLSM images) which is based on an iterative maximum
like-hood algorithm where the number of iterations (here 40) must be speciﬁed.
• The "Add image" function to fuse images, it logically sums the image intensities.
• The "Symmetric Nearest Neighbour" (SNN) ﬁlter which has the remarkable property
of well preserving edges [87]. This algorithm compares each voxel to its symmetrically
opposite connected neighbours. The grey levels of these symmetric pairs of voxels, that
are closest in intensity to the central one, are averaged. The centre voxel is then replaced
by the mean of its current grey level and of this calculated average.
• The "Non-local Means" ﬁlter whose algorithm looks for similar neighbourhoods, in a
given search window, of the region around the current voxel [31]. It then computes
the mean of all voxels in these neighbourhoods, weighted by how similar they are to
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the targeted one. This weighing function determining the similarity value is Gaussian.
Under the assumption that the noise present in the image is white noise, this ﬁlter will
preserve most features, even if they are small and thin.
• The "Hysteresis" segmentation algorithm creates a binary image by specifying a lower
and an upper threshold [176]. The voxels above the upper threshold and those above
the lower threshold and below the upper one, that are connected to a voxel from the
upper region, are selected.
• The "Watershed" segmentation consists of viewing the grey level image as a topographic
map, with the brightness of each point being representative of its height [176, 231].
The map is then "ﬂooded" using an automatic gradient magnitude algorithm, creating
barriers and basins corresponding to the grey levels.
• The "Region growing" segmentation in which a seed voxel is chosen and a grey level
range is speciﬁed. Then, all connected voxels, sharing at least one face (6 possibilities
for a voxel) with the chosen one and having a grey level from the speciﬁed range, are
automatically selected, rendering the largest possible connected area within the user-
speciﬁed range [175].
• The "Label analysis" function which extracts measurements from connected components.
This function also helped in removing all artefacts that consisted of bits of signal not
attached to any bioﬁlm structure but which fell into the segmentations’ thresholds values
as it selected only the largest and connected components for quantitative analysis.
6.5.1 TPLSM acquisition
TPLSM stacks were deconvolved using experimental red and green - for TAMRA and for
GFP respectively - point spread functions obtained from imaging of ﬂuorescent sub-resolution
particles held in agarose inside a glass capillary. The phantom stack, consisting of a red
channel only, was deconvolved accordingly. The 0° and 90° bioﬁlm stacks were manually
registered and fused. Bioﬁlm on the ﬂow cell wall parallel to the laser direction was diﬃcult
to observe due to the refraction by the curved corner of the ﬂow cell. The custom designed caps
and capillary holder illustrated in ﬁgure 6.3, enabled rotating the capillary at two diﬀerent
angles - 0° and 90° - to gather information on half of the ﬂow cell’s cross section. Figure 6.5
shows two-photon images of a P. Aeruginosa bioﬁlm, where the position of the lens relative to
the ﬂow cell is shown to indicate the direction of acquisition. Figure 6.5 a) and d) illustrate
the images acquired with the ﬂow cell positioned at 0° and ﬁgure 6.5 b) and e) show the
images acquired with the ﬂow cell rotated at 90° where the complementary information on
the bioﬁlm grown on the top and bottom walls can be observed. Finally, ﬁgure 6.5 c) and f)
are the merged stacks of a) & b) and d) & e) respectively.
The rotation of the capillary was seen to induce a shift of about 50 µm in the Y direction
and about 100 µm in the Z direction for the corresponding image acquisitions. The 0° and 90°
stacks thus had to be aligned before being merged. The phantom 0° and 90° stacks were not
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Figure 6.5: From left to right: the image acquired with the ﬂow cell positioned at 0° (a & d),
then the image acquired with the ﬂow cell rotated at 90° (b & e), where the complementary
information on the bioﬁlm grown on the top and bottom walls can be observed. At the far
right (c and f) are the merged stacks of a & b and d & e respectively.
merged, both of them were used to independently evaluate the uncertainty of the protocol.
The stacks were then processed with a SNN ﬁlter.
6.5.2 X-ray CMT acquisitions
Bioﬁlm stacks were cropped to select only the part that was imaged by TPLSM while
phantom stacks were more largely cropped to maximise the number of beads detected. The
stacks were then ﬁltered using a Non-Local Means ﬁlter.
6.6 Segmentation for both imaging modalities
One way to proceed with segmentation for quantitative measurements is to optimize noise
ﬁltering as well as the diﬀerent steps of binarization to obtain the best possible segmentation
of the diﬀerent phases. The main concern with this approach is that it fails to evaluate
the uncertainty due to the fact that part of the information, primarily because of noise
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and artefacts, cannot be recovered. One way to tackle this issue is to further study the
uncertainty propagation throughout the diﬀerent steps and choices of parameters. However,
such an analysis is diﬃcult to perform. Here, we adopt a middle-ground approach: we
hypothesized that the uncertainty can be bounded by using three diﬀerent and commonly
used segmentation techniques namely hysteresis, watershed and region growing. For the
three segmentation methods, a binary image was obtained as ﬁnal image.
Each approach required, at some step, a user-deﬁned threshold. This value was chosen
from the image histogram where it could be observed which range of grey levels belonged to
a speciﬁc material. The impact of the choice of this threshold grey level was evaluated by
segmenting using a value slightly above and below the chosen one - ±10 % of the grey level
range of the bead. The metrics were then compared to the measurements obtained by the
selected threshold.
6.7 Metric analysis
Once all the images were segmented, automatic measurements were extracted from con-
nected structures. For the beads, diameters in X, Y and Z direction obtained by the generated
bounding box of each bead as well as surface area and volume (voxel count) were measured.
From the volume, the diameter of an equivalent sphere was calculated and its discrepancy
relative from the supplier information and bright-ﬁeld microscopy was determined. On the
X-ray CMT acquisition, the presence of barium sulfate aggregates having a higher absorption
coeﬃcient as well as a diﬀerent size could be observed, as shown in ﬁgure 6.6.
14m
6,5m
X
Z
Figure 6.6: X-ray absorbent micro-spheres (turquoise arrows) in contrast agent and barium
sulfate aggregates (violet arrows). The scale bar indicates the size diﬀerence enabling the
distinction between them.
In order not to take into account these aggregates when uniquely identifying each com-
ponent of the segmentation, only the objects having any dimension d such 6 µm ≤ d ≤ 8 µm
were considered.
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For the bioﬁlm images, the maximum thickness was extracted along with volume and
surface area. For thickness measurements, bioﬁlm structures were isolated and the thickness
was deduced from size of the bounding box in the direction perpendicular to the ﬂow cell
wall. The surface area was estimated from the boundary curve of the exposed outer voxel
and in case of non-continuous signal, chordal approximation was performed. The diﬀerence
between X-ray CMT and TPLSM measurements were then determined and plotted.
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7.1 Viscosity measurements
Figure 7.1 shows the response of three preparations of contrast agent at diﬀerent shear
rates notably (γ˙ = [1, 3, 10, 30, 100, 300]s−1 at 37℃). The measurements for pure barium
sulfate suspension is also displayed for γ˙ = [10, 20, 100]s−1 at 37℃, less measurements could
be taken due to frequent aggregation. The shear stress curves (left) and the viscosity curves
(right) are illustrated.
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Figure 7.1: Left: the shear stress of three samples of contrast agent (in blue) plotted against
shear rate γ˙ = [1, 3, 10, 30, 100, 300]s−1 at 37℃. Undiluted barium sulfate suspension was used
as control and measured at γ˙ = [10, 20, 100]s−1 at 37℃. Right: the viscosity of three samples
of contrast agent (in blue) plotted against shear rate. Pure barium sulfate suspension (in red)
can be seen to be more viscous.
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The contrast agent response was shear-thinning, that is, its viscosity decreased with in-
creasing shear rate. Undiluted barium sulfate suspension was found to be Bingham plastic,
that is, stress can be applied but it will not ﬂow until the yield stress (∼ 20 s−1) is reached.
For the same shear rate of γ˙ = 100s−1, the contrast agent was 53% less viscous than pure
barium sulfate suspension.
7.2 Bead phantom uncertainty analysis
Via TPLSM, the ﬂuorescent micro-spheres were bright and uniformly distributed inside
the ﬂow cell. The beads were highly radiopaque when imaged by X-ray CMT and appeared
as small white spots. The sensitivity analysis for the choice of grey level threshold rendered
slightly larger (below threshold) or smaller (above threshold) beads but the diﬀerence was
inferior to the standard deviation obtained by the selected threshold. This indicated a very
little impact of the operator’s choice of grey level on the metrics. Figure 7.2 shows images
of a micro-sphere obtained by TPLSM (right), at a spatial resolution of 1.186 µm/pixel and
X-ray CMT (left), at 2 µm/pixel, where the background is greyish due to the contrast agent.
Their respective grey level histograms are illustrated on top and the result of three diﬀerent
binarization techniques below.
Measurements were performed for an average of 15 beads. Figure 7.3 shows the diame-
ter measured in X, Y and Z directions using the segmentation techniques for both imaging
modalities. The supplier’s conﬁdence interval (5.82 µm - 6.18 µm) is shown as well as the
bright-ﬁeld microscopy measurements (6.7 µm). Most measurements were between 6 µm and
7 µm, except for the Z direction of TPLSM because of the point spread function. The mean
absolute error relative to and normalized by 6 µm ( i.e. supplier information) calculated for
X-ray CMT for equivalent spherical diameter was 17.97 % (see details in Table 7.1 below).
For TPLSM, the mean absolute error was 14.79 %. X-Ray CMT slightly over-evaluated the
phantom diameters, but the size of the error bars were similar in all three directions showing
the isotropic property of this modality and indicating a smaller variability. This overestima-
tion may be due to inexact supplier information, since bright-ﬁeld microscopy measurements
gave a relatively larger diameter (6.7 µm), thus reducing the error generated by X-ray CMT.
Table 7.1 summarises the absolute error (relative to and normalized by 6 µm and 6.7 µm), on
equivalent spherical diameter for the two imaging modalities and three image segmentation
techniques. It can be indeed observed that the error generated by the two modalities is greatly
decreased when compared with bright-ﬁeld microscopy. The mean absolute errors normalized
by supplier information and bright-ﬁeld microscopy respectively for surface area and volume
of TPLSM and X-ray CMT are shown in Table 7.2. It can be noted that for surface area
measurements, X-ray CMT was more precise: 11.62 % compared to 28.9% for TPLSM. For
volume, on contrary, TPLSM was more accurate. For both metrics, the error bars of both
imaging modalities were of comparable order of magnitude. In any case for our set up, X-ray
CMT imaging was slightly less precise than TPLSM for phantom imaging, except for surface
area metrics and watershed segmentation for diameter measurements.
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Figure 7.2: Top and middle: gray level histograms of a bead imaged by X-ray CMT and
TPLSM respectively. The smoothing spline (black) illustrates the main peaks. For X-ray
CMT, the ﬁrst two left peaks belong to the greyish background, the last one represents the
bead. For TPLSM, the left peak belongs to the black background and the small centre peak
represents the bead. Bottom: gray level images of a bead via X-ray CMT and TPLSM along
with the results of the three segmentation techniques namely hysteresis, region growing and
watershed. TPLSM spatial resolution was 1.186 µm/pixel (5 pixels ∼ 6 µm) and X-ray CMT
was 2 µm/pixel (3 pixels= 6 µm).
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Figure 7.3: Top: mean phantom diameter determined in X, Y and Z directions and equivalent
spherical diameter derived from 3D volumes, the error bars representing the standard devi-
ation. Measurements were made by processing the same beads with diﬀerent segmentation
techniques namely region growing, watershed and hysteresis. Bottom: mean surface area
(left) and mean volume (right) are illustrated. For all plots, the control dimensions (supplier
information and bright-ﬁeld microscopy) are also illustrated.
7.3 Comparison of TPLSM and X-ray CMT acquisitions
In ﬁgure 7.4, TPLSM (red and green) images overlaid with X-ray CMT (grey) stacks show
bioﬁlm structures on the ﬂow cell wall. Two samples are illustrated (upper and lower images)
and the orthogonal views (XZ for a) & d), XY for b) & e) and YZ for c) & f)) of each are
shown. Some barium sulfate aggregates can be observed as very bright spots, immobilized
by the polymerization of the gel and thus conﬁrming the sedimentation issue resolution. The
white dashed rectangles represent the portion of the ﬂow cell where maximum TPLSM signal
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Control diameter Imaging modality R. Growing Hysteresis Watershed Mean error
Supplier TPLSM 11.52 % 18.58 % 14.28 % 14.79 %
information (6 µm) X-ray CMT 17.51 % 26.08 % 13.54 % 17.97 %
Bright-ﬁeld TPLSM 0.13 % 6.19 % 2.34 % 2.89 %
microscopy (6.7 µm) X-ray CMT 5.24 % 12.91 % 1.68 % 6.61 %
Table 7.1: Absolute error, relative and normalized by 6 µm (supplier’s information) and 6.7 µm
(bright-ﬁeld microscopy), for TPLSM and X-ray CMT and using the three segmentation
techniques (region growing, hysteresis and watershed).
Measurement Control metrics Imaging modality Mean error
Surface area Supplier’s information (113 µm2) TPLSM 60.8 %
X-ray CMT 39.3 %
Bright-ﬁeld microscopy (141 µm2) TPLSM 28.9 %
X-ray CMT 11.62 %
Volume Supplier’s information (113 µm3) TPLSM 57 %
X-ray CMT 75.8 %
Bright-ﬁeld microscopy (141 µm2) TPLSM 13.3 %
X-ray CMT 26.6 %
Table 7.2: Absolute error, relative and normalized by supplier’s information and bright-ﬁeld
microscopy for 3D metrics (surface area and volume) of TPLSM and X-ray CMT imaged
beads.
was obtained for quantitative analysis, using two angles of acquisition namely 0° and 90°.
For TPLSM, bioﬁlm structures being more than 50 µm in depth, appeared hollow. This
is because the ﬂuorescence signal was blocked by the bioﬁlm layer closest to the lens. This
phenomenon also shielded successive bioﬁlm formations in the laser direction as shown in
ﬁgure 6.5 d) - f), where only one bioﬁlm structure appeared when imaging at 0°. The appearing
void structures are pointed by the white arrows, where it can be seen that only the contour of
the bioﬁlm formation could be observed. The fact that these structures came out as hollow led
to unreliable calculation of bioﬁlm volume by the segmentation techniques (see ﬁgure 7.6). A
correction was achieved when the contour of the structure was well-enough delineated, where
the void part was ﬁlled manually. This corrected TPLSM stacks was labelled with a star*
as shown in ﬁgure 7.5. Details of this procedure can be found in Appendix A.6. In some
structures (see cyan arrows in ﬁgure 7.4 d), it was not possible to properly reconstruct the
whole contour as there was missing signal, only thickness and surface area measurements
was performed then. The plots in ﬁgure 7.6 illustrate the quantitative analysis for distinct
samples, each shape representing a segmentation technique. Four bioﬁlm structures noted
by S1S1, S1S2, S2S1 and S2S2, two from each sample, are illustrated. They correspond to a
region of interest in the vicinity of the bioﬁlm structures pointed by arrows in ﬁgure 7.4.
Volume measurements using X-ray CMT captured more bioﬁlm than TPLSM and even
TPLSM*, when the hollow structures were manually ﬁlled. This procedure for correcting
the ﬂuorescence shielding was minimal so as not to introduce unwanted excess signal (see
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Figure 7.4: Visual comparison of TPLSM images superimposed on X-ray CMT stacks for two
samples (S1 upper and S2 lower). a) and d) illustrate the cross section of the ﬂow cell (XZ)
for two diﬀerent samples, b) & e) and c) & f) show the side view XY and YZ respectively.
White dashed rectangles represent the portion of the ﬂow cell used for quantitative analysis,
the arrows show TPLSM structures appearing hollow (white) and whose contour are not
well-delineated (cyan).
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Figure 7.5: On the left, TPLSM binary image with hollow structure and on the right, the
TPLSM* image with void spaces ﬁlled. It can be observed that the structure’s contour is
untouched.
ﬁgure 7.5) and may explain this diﬀerence, especially for the S1S2 in cyan. In average,
TPLSM found 0.71 times less bioﬁlm than X-ray CMT and TPLSM* found 0.28 times less.
Also X-ray CMT showed more variability among the segmentation techniques than TPLSM.
For 3D surface area, TPLSM generally had larger values than X-ray CMT, possibly because
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of the higher resolved images, showing more tortuous details. There is an exception for S1S2
(cyan) as TPLSM showed less signal for the thin bioﬁlm layer next to the main structure (see
ﬁgure 7.4 a) lower part). When the surfaces were large, for instance for S1S1 (blue) and S1S2
(cyan), watershed binarization led to smaller values. As this segmentation technique tends
to smooth the images with its gradient magnitude algorithm, it possibly removed details of
bioﬁlm structure while decreasing exposed surface area. Concerning thickness measurements,
the diﬀerence between the means for each structure was 44.14 µm (pink), 22.71 µm (blue),
19.44 µm (magenta) and 2.31 µm (cyan). In average TPLSM found 0.18 times thicker bioﬁlms
than X-ray CMT.
The correspondence between both imaging modalities seems to depend on the type of
bioﬁlm structure that was imaged. For simple, relatively ﬂat structures, we observe that
the two images have almost perfect correspondence (see ﬁgure 7.4 a) and c) on the right
wall). However, thicker structures, appeared hollow via TPLSM while X-ray CMT rendered
them as slightly ﬂattened (see ﬁgure 7.4 c) left wall and d) middle structure). The thickness
measurements conﬁrm this observation as for big structures, the diﬀerence in the means was
larger (22.71 µm and 44.14 µm respectively) whereas it was 2.31 µm for a small structure. For
S2S1 (magenta), which is the bioﬁlm formation situated in the ﬂow cell corner (see ﬁgure 7.4
d)), there is little diﬀerence in thickness, indeed, TPLSM found 0.1 times more than X-ray
CMT, probably because this cornered-type structure had a larger adhesion surface increasing
its stability and reducing its exposition to ﬂow-induced shear stress. In this work, the bioﬁlm
was still living when being imaged and discrepancies between the two image modalities can
also be attributed to degradation during the acquisition processes. This aspects are discussed
in the next section.
Figure 7.7 illustrates the 3D images of both samples images by TPLSM (right) and X-ray
CMT (left). The four analysed structures are pointed by the black arrows. The two image
modalities show corresponding 3D bioﬁlm formation with very good similarity. It can be
observed that X-ray CMT yields smoother images than TPLSM, probably due to its coarser
spatial resolution, also, the "ﬂattening" eﬀect of X-ray CMT on the structures from S1 can
be assessed. Discrepancies in the presence of bioﬁlm at some locations can also be observed
between the two image modalities. For example in S1, there is thicker bioﬁlm on the upper
ﬂow cell wall via X-ray CMT than TPLSM, and oppositely, less bioﬁlm on the lower ﬂow cell
wall. The same applies to S2, where there seems to be more bioﬁlm captured by TPLSM
than X-ray CMT on the ﬂow cell wall. In these TPLSM 3D images, hollow structure having
a well-delineated contour have been manually ﬁlled. There is an exception for S2S1 where
there was not suﬃcient signal and the structure thus still appears void.
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in middle plot and maximum thickness in lower plot. Each color represents a sample and the
three used segmentation are illustrated by diﬀerent shapes.
74
S1S2
S1S1
S1S2
S1S1
S2S1 S2S1
S2S2
S2S2
TPLSM X-ray CMT
S1
S2
x
z
y
F
low
 cell w
a
ll
x
z
y
Flow cell wall
100 m
100 m
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on the ﬂow cell wall. The diﬀerent structures are pointed by arrows are are recognizable.
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8Discussion
8.1 Uncertainty analysis
Although the setup was optimized for TPLSM in capillary tubes, X-ray CMT proved
quite precise in characterizing the bead phantom geometry. TPLSM is very accurate in the
focal plane (X and Y directions) but has less accuracy in the Z direction (ﬁgure 7.3). This
is due to the anisotropy intrinsic to the imaging technique and to the mismatch of refractive
indices. This produces large point spread functions (PSF), that stretch the ﬂuorescence signal
in the Z direction, even after deconvolution with experimental PSF acquired under bioﬁlm
imaging parameters. Other microscopy conﬁgurations could have been used for single phan-
tom (micro-sphere) imaging, increasing the accuracy and easing the deconvolution. However,
such parameters would have been irrelevant for bioﬁlm imaging, highlighting the diﬃculty in
accurately using TPLSM for imaging large volumes. Even though it slightly overestimates the
phantom diameters, X-ray CMT provides isotropic resolution (voxel size of 2 µm) and an error
of about 17 %, whereas the error using TPLSM was about 14 % but with anisotropic spatial
resolution. The bright-ﬁeld microscopy measurements indicate a possible inexact supplier
information for the phantom geometry, and thus greatly reducing the error generated by our
protocol using X-ray CMT (6.61 %). Other sources of uncertainty are the large micro-sphere
versus ﬂuid absorption contrast, some potential biases from the segmentation techniques and
artefacts intrinsic to X-ray CMT such as beam hardening. Such discrepancies could be cor-
rected by working with more resolved systems, using synchrotron radiation or improving the
image processing.
8.2 Comparing two-photon microscopic images with X-ray micro-
tomography images
The situation is a lot more complicated when comparing both methods for bioﬁlm imag-
ing. Qualitatively, a very good correspondence between X-ray CMT and TPLSM images is
observed (see ﬁgure 7.4 and the 3D volumes in ﬁgure 7.7), with a good correlation showing
contrast in CMT and ﬂuorescence in TPLSM. The correspondence between both modalities
also seems to depend on the type of bioﬁlm structure that are being visualized. For relatively
ﬂat structures, the two images have almost perfect correspondence (see ﬁgure 7.4 a). How-
ever, for thicker bioﬁlm structures larger than 50 µm, TPLSM images show hollow bioﬁlms
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formation, this being a consequence of ﬂuorescence shielding and a major issue of the method
for imaging large bioﬁlm structures.
For larger structures, X-ray CMT also provides slightly ﬂattened structures (see ﬁgure 7.4
b). We hypothesize that this "ﬂattening" eﬀect results from the multiple stresses the bioﬁlm
was subjected to. Part of it is most likely due to the ﬁrst acquisitions by TPLSM. Indeed,
the laser excitation is mostly infrared and water, being highly absorbent, inside the sample
tends to heat. Even if ﬂow was maintained during image acquisition to minimize this warming
eﬀect, such heating probably had an impact on the bioﬁlms structures. Even if all precautions
were taken to decrease the duration of image acquisition such as less time on each slice and
less averaging, in many samples it could be observed that the ﬂow cell contained slightly less
bioﬁlm after the TPLSM imaging, just before introduction of the contrast agent for X-ray
CMT. Another important factor involves mechanical interactions between the contrast agent
and the bioﬁlm, including abrasion and shear stress upon introduction and the polymerization
of the gel (e.g. swelling) that could ﬂatten the bioﬁlm. The concentration of 2 % (w/v) gel was
carefully chosen to be minimal for a complete polymerization, but bioﬁlm damage, especially
for thick and weakened structures cannot be fully excluded. Still, our protocol for injection
has been meticulously devised and every detail is important for an optimized contrast agent
introduction.
However, contrary to Carrel et al. (2017) [33], we did not observe, either with naked
eye or by comparison of both modalities, that introducing the contrast agent lead to massive
sloughing of bioﬁlms. There are diﬀerent reasons why this might be the case. First and
foremost Carrel et al. (2017) [33] mentioned the introduction of air bubbles in their column
during injection of barium sulfate; we believe that this fourth phase could have interacted
and damaged bioﬁlm structures. Indeed, we have observed air bubbles tearing bioﬁlm in
capillaries during early experiments. It is also important to note that the sample in the cited
work had already been irradiated once before the introduction of barium sulfate. X-rays can
have a harmful impact [98, 106] on both the microorganisms and the extracellular polymeric
substances (EPS), this could have weakened the bioﬁlms structures and increased abrasion
eﬀects. Other reasons for these discrepancies can be attributed to the diﬀerence in the ﬂow
rate. The Darcy velocity in Carrel et al. (2017) [33] was 1.06 mm/s while the velocity
for our ﬂow cell was 52 mm/s. This increase in Darcy velocity could have generated more
resistant bioﬁlm structures that can sustain greater shear stress. In addition, the bacterial
strain we used, P. Aeruginosa, is known to produce sturdy bioﬁlm [136, 141] whereas their
team grew bioﬁlms from unknown possibly multiple microorganisms. Another aspect is the
decreased viscosity of our contrast agent along with the low injection ﬂow rate which, we
believe, preserved the ratio of ﬂow rate to viscosity and maintained a constant shear rate in
the ﬂow cell.
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9Conclusion
Qualitative and quantitative 3D analysis showed that the proposed contrast agent, com-
bining barium sulfate and agarose, enables a reliable observation of bioﬁlm using X-ray CMT
with an uncertainty of 17 % relative to a calibrated phantom dimension, which is compa-
rable to TPLSM (14 %). X-ray CMT provided 3D images with isotropic spatial resolution
of the whole cross-section of the ﬂow cell in one acquisition. This imaging modality proved
more convenient than TPLSM which required two acquisitions to grab half of the sample
cross-section and also needed additional image processing. In this work, we have quantiﬁed
the uncertainty yielded by our protocol and showed the importance of such analysis if any
metrics are to be extracted from the images. Also, for a ﬁxed imaging modality and sam-
ple, the metrics obtained were nearly independent of the binarization process, conﬁrming the
quality of our imaging acquisitions. The poor correspondence for some measurements showed
the potential damage imaging techniques can have on delicate bioﬁlm structures, especially
TPLSM heating eﬀect on water. Our protocol has also revealed advantages of X-ray CMT
over TPLSM for 3D imaging, notably for large volumes, with a very good isotropic spatial
resolution of 2 µm/pixel and the absence of optical shielding artefacts. Our method is robust,
reproducible and reliable for vigorous bioﬁlm structures of P. Aeruginosa grown at a constant
ﬂow rate. As the very ﬁrst uncertainty analysis made for imaging of bioﬁlm using X-ray CMT,
it is very encouraging and provides an eﬃcient contrast agent for future studies.
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Chapter III
Design of an experimental
workbench for the characterisation
of biofilms in porous media under
controlled growth conditions
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10
Introduction
Bioﬁlms developing in porous media are a key process to many natural phenomena as well
as diverse engineering and medical applications. As highlighted in chapter 2, hydrodynamics
play a essential role on the spatial distribution and morphology of bioﬁlms in porous media.
In turn, the presence of bioﬁlms will inﬂuence the ﬂow paths and thus mass and momentum
transport across the porous structure. The mechanistic features governing this feedback
process are still poorly understood as they are very diﬃcult to experimentally assess. In
order to study the inﬂuence of hydrodynamics on the development of bioﬁlm in porous media
and perform precise and accurate analysis of taken measurements, it is necessary to take into
account the various parameters that come into play. Indeed, the framework of bioﬁlms forming
in porous media under ﬂow is a complex system combining biological features for instance,
the availability of nutrients, the substrate properties and the type of strain (or strains in case
of multiple colonies) and mechanical aspects like the ﬂow rate, pore size and shear stress.
Apart from the imaging issue as discussed in chapter II, the experimental diﬃculties that
usually stall these types of studies are the fact that bioﬁlms tend to react to any change in
growth parameters, thus the ﬂuidic circuit has to be completely controlled. Also, bioﬁlms
move by chemotaxis towards the nutrient source, this has the consequence of fouling sensors
and modifying the nutrient concentration as well as the hydrodynamics reaching the porous
medium.
In this chapter, we propose an experimental workbench that enables a complete con-
trol over the various parameters inﬂuencing bioﬁlm growth, namely, ﬂow rate and pattern
(whether stable, ﬂuctuating or even customized), nutrient concentration and temperature as
well as porous media type (including porosity and pore size). Our set up enables to follow non-
destructively and in real-time the evolution of the permeability and O2 concentration across
the porous substrate. An innovative 3D-printed bioreactor with embedded porous medium
was designed to be completely water-tight while allowing for continuous measurements of
diﬀerential pressure, temperature and O2 concentration across the porous structure. Addi-
tionally, an online spectrophotometer monitors the eﬄuent ﬂow, scanning possible bioﬁlm
detachment. We also devised methods to counter the issue of bioﬁlm spreading via UVC-
targetted regions and adequate separation of nutrient and water as in chapter II. The use of
3D printing also provides the crucial advantage of replicate porous structure, thus allowing
for more rigorous analysis.
At ﬁrst, we will describe the architecture of the workbench along with the selected in-
struments. Then, we shall detail the measurements that are monitored and how they are
processed and statistically analysed. Finally, the performance of the set up will be assessed
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along with its limitations and the possible investigations it unlocks.
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The proposed experimental set up had a sophisticated and versatile architecture where
every component has been carefully chosen and designed. To facilitate its description, we
shall ﬁrst depict the ﬂuidic circuit as a whole, detailing the purpose of every instrument.
Then, the bioreactor, created using additive manufacturing and which was the centrepiece of
this experimental set up, will be described.
11.1 The fluidic circuit
11.1.1 General description
Figure 11.1 illustrates the experimental set up which could account for four bioreactors
simultaneously but for the clarity of the diagram, only one sample will be displayed. It com-
prised of micro-ﬂuidic pressure controller, pressurizing a reservoir ﬁlled with UVC-disinfected
ultra-pure water bubbled with pure oxygen. The reservoir output went through a ﬂow sensor
which was used to servo-control the ﬂow rate via a computer and the micro-ﬂuidic pressure
controller. This enabled to maintain a ﬁxed ﬂow rate throughout the circuit. A syringe pump
continuously delivered a solution of concentrated nutrient to the bioreactor. The 3D-printed
bioreactor hosted the porous medium and has been designed with the speciﬁc ﬂuid inlets and
outlets for ﬂow, nutrients, ethanol cleaning and the measurements diﬀerential pressure and of
dissolved oxygen. Absorbance of the eﬄuent ﬂow was performed via a ﬂow cell connected to
a light source and an online spectrophotometer. Another syringe pump periodically delivered
ethanol at the outlet of the bioreactor for regular cleaning of the upper oxygen sensor and
absorbance ﬂow cell that were susceptible to bio-fouling due to their position in the circuit.
Concentrated nutrient and ultra-pure water were separated to prevent bioﬁlm formation
earlier in the circuit. A common issue with bioﬁlm experiments where the main reservoir is
85
Air in Liquid out
Signal transducer
Ethanol
cleaning
Flowrate  sensor
Diffe rential
pre ssure
sensor
3D printed 
micro-bioreactor
Oxygenated
ultra-pure
wate r
Waste 
reservoir
Euent   
  ow
Signal transducer
Flow cell 
Light source
Optical bre
Optical bre
Computer 
controller
O2 optode sensor
O2 optode sensor
Online 
spectrophotometer
Microuidic pressure 
controller
Concentrated 
culture medium
Valve
x
z
y
Figure 11.1: Fluidic circuit for bioﬁlm growth using a pressure controller and a ﬂow sensor.
The bioreactor is the centrepiece of the set up with its embedded porous medium, various
sensor inlets and UVC targetted region to prevent bioﬁlm from forming just below and above
the porous structure.
ﬁlled with nutrient solution at normal concentration, is the spreading of bioﬁlms by chemotaxis
throughout the circuit or the development of other strains inducing contamination. This could
result in fouling of the sensors and valves as well as in changing the hydrodynamics of the
ﬂuid ﬂow. Previous experiments (see in Chapter II part 6) have shown that bioﬁlm formed
up to the mixing point of concentrated nutrient solution and ultra-pure water. The nutrient
injection point was thus brought as close as possible to the porous medium to prevent bioﬁlm
from forming upstream, details are given when explaining the design of the bioreactor in the
section 11.2.
Additive manufacturing has been extensively used for the design of this set up along with
the 3D-printer of IMFT - a ProJet® HD3500. As computer-aided design (CAD) software, we
used Catia® (version 5) for it is a well known three dimensional interactive design application
and provides many possibilities for complex models as well as manipulation of meshed parts.
The printing resolution depended on the direction of the print; on the preferential direction
the resolution was ∼ 10 µm and was of ∼ 60 µm in the other. The printing material was an
ABS-like polymer. Additive manufacturing oﬀered multiple advantages, from the replicates of
porous media to a whole new concept of a bioreactor. It was used to design and customize any
required device that could improve the set up. Some limitations were encountered, notably
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the restricted resolution in one direction which was diﬃcult to bypass and also the invasive
cleaning processes involved. More speciﬁcally, the printer used a wax scaﬀold when printing
which was removed through thermal cleaning in an oven. The melting point of the wax
was close to the softening temperature of the polymer which, sometimes, deformed during
this procedure. Another cleaning process was through ultra-sound bath which was seen to
embrittled small printed parts. This limited the cleaning procedure to thermal dewaxing only
at lowest possible temperature for two to three days.
A Norcan® base was constructed by IMFT design department to hold and maintain every
component in place. It consisted of 3 storeys as illustrated in ﬁgure 11.2, the bottom one
holding all the four ultra-pure water reservoirs and four waste tanks. The second and main
storey held the bioreactors, the valves, the sensors - DP, ﬂow and O2 - and the syringe
pumps, with the ones for concentrated nutrient ﬁxed on their own extra vertical wing. The
third storey contained all the electronic devices, namely the micro-ﬂuidic pressure controller,
the O2 transmitter and other electronic units for the instruments.
On the main storey, Norcan®’s shavings were used to hold the components in place. Small,
custom-designed 3D-printed holders were created for every part and their detailed description
can be found in appendix B.1. The shavings were glued on the storey’s PVC base and the
holders were ﬁxed in the shavings slots using 3D-printed gibs. A well thought-out disposition
and ﬁxing of every element was crucial for the eﬃcient running of each experiment. Any
bioreactor, tubing or sensor budge during an experiment generated erroneous measurements,
could impact hydrodynamics temporarily and even induced breaking of an optical ﬁbre sensor.
Also, easy access to every component had to be provided as, in case of issue with one channel,
all the instruments involved would have to be manipulated. For example, in the case of a leak
in a pressure sensor, the ﬂow would probably have to be stopped, the base cleaned, and the
pressure sensor ﬁttings removed and re-taped with Teﬂon before reconnecting and re-settling
the ﬂow. The presence of a bubble in the tubing network could also lead to complicated
manipulation of some parts. These design constraints may seem as details but were, in fact,
the guarantor of the quality of the experiments and measurements. Figure 11.3 shows the
main storey with the every element.
11.1.2 The micro-fluidic pressure controller
Most experiments for bioﬁlm growth in meso-scale columns used peristaltic pumps [33,
109]. This type of pump uses ﬂexible tubing containing the ﬂuid which are ﬂitted inside a
circular casing where a rotor with a number of "rollers" attached to the external circumference,
periodically compress the tube. As the rotor turns, the part of the tube under compression is
pinched closed thus forcing the pumped ﬂuid to move forward in the tube. Outside the casing,
the tube opens back to its natural state letting the ﬂuid ﬂow. This periodical pinching of the
tubing generates oscillations in the ﬂow. For our experimental set up, we selected a micro-
ﬂuidic pressure controller. The main reason is because it uses a diﬀerent technique for inducing
ﬂow. The controller uses compressed air to pressurize a reservoir ﬁlled with ﬂuid in which a
tube dips. Adequate standard ﬁttings allow airtightness of the reservoir as the compressed
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Figure 11.2: The complete 3-storey experimental workbench. Every instruments will be
detailed further. Black curtain are used to cover the set up during experiments for protection
against dangerous UVC rays.
air pushes the ﬂuid out through the tube. This air compression induces stable regulation of
pressure and, consequently, the ﬂow is smooth and consistent, without the pressure oscillations
that would be induced by a peristaltic pump. Indeed, we believed that for bioﬁlm growth
at a ﬁxed ﬂow rate, these oscillations could yield a diﬀerent response from the bioﬁlm than
a smooth and steady ﬂow [213]. Also, the selected growth time (about 2 days) and ﬂow
rates rendered the use of syringe pumps inadequate for our experiment because of the large
volumes of ﬂuid involved. We selected the micro-ﬂuidic pressure controller from Elveﬂow®,
along with the ﬂow sensor, which communicates with the pressure controller to regulate the
ﬂow rate. This device can pressurise a reservoir up to 2 bars with a an accuracy of 0.3 mbar,
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and can control ﬂow rates ranging from 200 µl/min to 5 ml/min. Four independent channels
are available, enabling a maximum of four samples in one experiment. Figure 11.4 illustrates
the micro-ﬂuidic pressure controller and the ﬂow sensor. A matrix of 16 independent valves
Elveﬂow® MUX was also used to prevent backward ﬂow in the bioreactor due to hydrostatic
pressure in case of momentarily stopped ﬂow (see ﬁgure 11.3).
Figure 11.4: The micro-ﬂuidic pressure controller with 4 available channels and a ﬂow sensor
connected to channel 4 on top.
11.1.3 The ultra-pure water reservoirs
Four reservoirs, one for each channel, were designed and constructed at the laboratory.
They consisted of 70 cm transparent Lexan® tube of internal diameter 20 cm to give a capacity
of ∼ 20 L which allowed running a channel at 5 ml/min for two days without having to stop the
ﬂow for reﬁlling. The Lexan® material was especially chosen for it is resistant to UV rays.
Its transparency also allowed to perform visual checks of the inside instruments. In order
to prevent contamination, the reservoir was equipped with a UVC germicidal lamp which
continuously irradiated throughout the water. The top and bottom were aluminium plates
for their solidity but also their reﬂecting characteristics which enables a more homogeneous
distribution of the UVC rays. 16 W UVC germicidal lamps from UV technik® were chosen.
Their high power largely covered for the required 10.5 µW/s.cm2 for the germicidal action
to take place (value from American Air and Water®). Figure 11.5 displays a ﬁlled reservoir
being oxygenated. Pure oxygen was bubbled in the tank through ceramic air stones, but,
because it interfered with the compression of air in the reservoir - and thus the ﬂow rate -
oxygenation was performed for 24 hours prior to the experiments and was afterwards stopped.
To ensure that the water remained well oxygenated, small UV-resistant fountain or aquarium
pumps were used to continuously stir the ultra-pure water. A small outlet near the bottom
of the tank, equipped with a septum, enabled to sample the reservoir water with a syringe
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and 24 G needle during an experiment without aﬀecting the ﬂow as the septum closed back
after the removal of the needle. The reservoirs were also equipped with a pressure relief valve
for security purposes. Indeed, the maximum applied pressure was 2 bars by the micro-ﬂuidic
controller but in case of incidents, like leaving the O2 supply on, excess pressure over several
hours could permanently damage the reservoirs and also cause important leaks.
Figure 11.5: The custom-designed large ultra-pure water reservoirs with a immersed UVC
lamp, O2 bubbling and constant stirring.
11.1.4 Syringe pumps
The model used for the concentrated nutrients were NEmesys low pressure pump from
Cetoni®. Previous experiments showed that the pressure in the circuit could increase up
to 10 times its magnitude during an experiment, this only due to bioﬁlm clogging of the
porous medium. The maximum pressure of the Elveﬂow® controller was 2 bars and, in most
experiments using ﬂow over 1 ml/min, it was observed that the pressure inside the circuit
was above 1 bar. Thus, for nutrient delivery, the syringe pump had to be powerful enough to
maintain a ﬁxed and small ﬂow rate of nutrient even during the pressure rise. The NEmesys
pumps were chosen for they provided the needed power along with a ﬂow precision of about
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60 nl/min. They were also equipped with valves enabling a reﬁlling of the syringe with
concentrated nutrient solution without disturbing the water ﬂow. Figure 11.6 shows the four
syringe pumps only two equipped with syringes.
Glasss syringes 
lled with 
concentrated 
nutrient solution
Inlet and outlet valves
Figure 11.6: The four NEmesys low pressure syringe pumps positioned vertically to protect
the device from eventual leaks and to ease removal of bubbles when reﬁlling the syringes.
Two glass syringes with required tubing are also illustrated.
For ethanol cleaning a Harvard PHD 2000® was employed. These pumps were robust
and easily programmable with an accuracy of 0.35 % of a given syringe size. For the set up,
the pumps delivered ethanol continuously for 5 minutes every hour to regularly clean the O2
probe and absorption ﬂow cell that were in contact with the eﬄuent so as to prevent fouling.
11.1.5 Differential pressure sensors
We chose Keller® 33X stainless steel diﬀerential pressure transmitters for they provided a
very good numerical precision of 300 µbars and could bear a pressure of up to 2 bars, which
was the maximum possible operable pressure in the circuit. These sensors consisted of two
ports, a + and a - port, connected below and above the porous medium respectively. No ﬂuid
ﬂowed through the device as a deformable membrane lied in between. When connected, the
pressure exerted by the ﬂuid deformed the membrane, giving the direction and magnitude of
the diﬀerential pressure (DP) across it. A software enabling the conﬁguration of the devices,
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measurements of the diﬀerential pressure and temperature as well as possibilities of data
conversion for transfer to other software, was provided. The pressure sensors were cleaned
with soap and disinfected with ethanol before and after each experiment. Figure 11.3 shows
a picture of the diﬀerential pressure sensors.
11.1.6 Dissolved oxygen sensors
To evaluate the oxygen consumption of the bacteria, we measured dissolved oxygen con-
centration before and after the porous medium via two O2 probes. The selected sensors
were the oxygen ﬁbre optics micro-sensors from PreSens® mounted on plastic syringes (see
ﬁgure 11.7). The technique employed for oxygen concentration measurement is ﬂuorescence
quenching by collision with O2 particles. The degree of quenching correlates to the partial
pressure of oxygen in the sample. A signal transmitter performs the required calculation
from the light intensity to oxygen concentration. These type of sensors had the advantages of
being very small and non-invasive as the size of the ﬁbre was 140 µm, thus enabling spatially
precise measurements. Their accuracy is temperature-dependent and can vary from 0.05 %
to 3 % of dissolved O2. For the concentrations measured in our experiments, the diﬀerence
in measurements between two new sensors were ∼ 0.75 mg/l.
Fibre tip with sensor
Zoomed section
Dissolved oxygen optode 
mounted on a plastic syringe
Figure 11.7: Fibre optic oxygen micro-sensors mounted on plastic a plastic syringe. The ﬁbre
size was 140 µm.
11.1.7 Online spectrophotometer
An OceanOptics® spectrophotometer, ﬂow cell and halogen light source were employed
in order to track the detachment of bioﬁlm via absorption measurements of the eﬄuent. The
absorbance of a solution is the ratio of incident to transmitted light. From Beer’s Law, the
absorbance of a solution will depend on the concentration of the absorbing molecules and
the pathway travelled by light through the solution. Here, a PEEK Z-ﬂow cell was used as
illustrated in ﬁgure 11.3. The source emitted light at a constant intensity and, as eﬄuent
ﬂowed through the cell, the amount of light it absorbed was detected by the spectrophotometer
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via ﬁbre optics. In case of bioﬁlm detachment, the biomass is hypothesised to absorb more
light. Its transit through the ﬂow cell should decrease the measured intensity temporarily
thus allowing its detection.
11.2 The bioreactor
The bioreactor was the key piece of the ﬂuidic circuit as it hosted the studied bioﬁlm. It
was where all the biological, chemical and physical reactions took place as bacteria digested
nutrients, breathed in O2, reproduced and excreted polymers, blocking pores and modifying
the ﬂuid ﬂow. As the bioﬁlm grew and changed the nutrients pathways across the porous
medium, the consequently dead bacteria in certain region would reopen pathways for ﬂuid
ﬂow. This "bioﬁlm hydrodynamics" was the interesting phenomenon to investigate and the
ideal bioreactor bore the diﬃcult task of non-destructively providing access to the needed
measurements.
Additive manufacturing opened many possibilities for bioreactor design. A common diﬃ-
culty in bioreactors is the issue of water-tightness which had important consequences on the
reliability of ﬂow measurements and more importantly, in the hydrodynamics modiﬁcation
across the porous medium. 3D printing enabled creating bioreactor with embedded porous
medium as well as inlets and probing points at desired locations without this concern. This
technique also allowed for a more compact design since most junctions were suppressed. The
thermal dewaxing of the bioreactor was performed at lowest possible temperature for a week.
Tissue paper wicks were inserted into the inlets and probing points to directly absorb the
melted wax, and they were replaced every two days. Figure 11.8 illustrates the bioreactor
with all is characteristics, they are detailed in the following paragraphs.
11.2.1 The porous media
In the study of unconsolidated porous media, an important issue has long been the lack
of reproducibility. Commonly used porous media such as packed beds, sand and pellets, yield
diﬀerent arrangement depending on the size and location of each grain. This reproducibil-
ity failure in studying phenomena involving porous structures, generated uncertainties that
sometimes rendered data analysis diﬃcult. Additive manufacturing oﬀers the possibility of
multiple printing of the same porous medium. Here, we chose packed beads that was imaged
using X-ray micro-tomography, the image was then processed and re-meshed so that it could
be printed. This type of porous structure is commonly used in the study of porous media.
We superposed two identical structures using the CAD software to obtain a longer porous
medium and thus decrease border eﬀects. Using the CAD software, the size of the porous
structure could also be modiﬁed, thus changing the pores and bead size. Mesh data provided
the volume of solid structure and total volume, from which a theoretical porosity of 33 %
could be determined. The used porous medium is illustrated in ﬁgure 11.10. It was 10 mm
long with a cross-sectional area of 25 mm2. In order to obtain relevant metrics, an empty
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Figure 11.8: Left: empty bioreactor (front view) and right: bioreactor with embedded porous
media (turned ∼ 30°). Every inlets and probing points are shown and the structures was
rendered transparent for visual purposes. The characteristics are detailed in the following
paragraphs.
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Figure 11.9: Left: actual bioreactor (front view) with glued quartz slides and right: actual
bioreactor turned ∼ 120° bioreactor. Visible inlets and probing points are shown.
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bioreactor was imaged and the bead size and porosity was assessed using Avizo®. The poros-
ity was ∼ 32 % and the beads had a mean diameter of 800 µm. The bioreactor was designed
and meshed empty (see ﬁgure 11.8) so that, any time, a diﬀerent porous medium could be
introduced and the meshes be fused.
11.2.2 Controlling hydrodynamics parameters
A vertical ﬂuid ﬂow was imposed from down to up to eliminate the possible eﬀects of
hydrostatic pressure. This way, the ﬂow was only governed by the micro-ﬂuidic pressure
controller. The passage from the tubing sized channel to the porous medium is done via a
pyramidal structure as it can be observed in ﬁgure 11.9 for a smooth transition in the ﬂow
proﬁle.
As mentioned before, bioﬁlm forming in the circuit tubing inﬂuences the ﬂow hydrody-
namics, this issue being already overcome by the injection of nutrient just before the porous
medium. Still, earlier experiments showed that after 24 hours, bioﬁlm tend to develop in bulk
just before and right after the porous medium. This accumulation of biomass was believed to
modify ﬂuid ﬂow reaching the porous structure, thus voiding any rigorous investigation with
the known parameters whether measured or imposed, of the ﬂow. As an attempt to inhibit
bioﬁlm growth in these speciﬁc regions, targetted UVC rays were employed. An identical
16 W UVC germicidal lamps from UV technik®, similar to those utilised for the reservoirs,
was used. It was placed in an opaque PVC casing having small holes to target the rays
towards the bioreactors. 3D printed blinkers were positioned on extra holes on the PVC
casing when not using all four bioreactors to prevent unnecessary UVC in the set up. UVC
are rapidly absorbed by plastic, and, in order for the rays to reach the desired regions, two
square openings were inserted before and after the porous medium and ﬂat appendages were
added to enable the gluing of small quartz slides (thickness 2mm) as shown in ﬁgures 11.8
and 11.9. Quartz being the only solid material allowing UVC through. The quartz plates
were cut from microscopic slides using a waterjet cutting system. For an optimal gluing of
the quartz slide on the bioreactor, a Norland® optical adhesive glue was used, which was a
clear, colourless liquid photopolymer that cured when exposed to UV light. This glue was
chosen as it is speciﬁcally for plastic and glass and provides very good adhesion as well as
solvent resistance; it also has a USP class VI biocompatibility. The portion of the bioreactor
containing the porous medium was carefully excluded from any additional element (quartz
slides or appendages). As this region of the bioreactor would undergo X-ray CMT imaging,
it was important not to add extra material that would increase the thickness on one side, and
thus increasing X-ray absorption locally and generating artefacts.
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11.2.3 Permeability measurements
The Darcy’s law relates the ﬂuid ﬂow through a porous medium to the pressure gradient
and gravity eﬀects through it as in equation (11.1).
þq = −
κ
µ
(
þ∇p− ρþg
)
(11.1)
where þq is the Darcy or ﬁltration velocity (m/s), κ represents the permeability (m2), µ the
dynamic viscosity of the ﬂuid (Pa.s), þ∇p the gradient of the intrinsic average pressure (Pa/m),
ρ is the ﬂuid density (kg/m3) and þg is gravity acceleration (m/s2). The macro-scale ﬂow ﬁeld
is assumed 1D and the Darcy velocity corresponds to Q
A
, where Q is the ﬂow rate and A
the cross-sectional area as illustrated in ﬁgure 11.10. We consider only the þz direction and
integrate over the length L of the porous structure (see details in appendix B.3). On the
scale our investigation with L = 0.001 m and the usual values for ρ = 1000 kg/m3 and
g = 9.81 m/s2, thus ρgL = 98, 1 Pa which is negligible compared to the orders of magnitude
of measured diﬀerential pressure (> 100 mbar = 10000 Pa). The expression of κ can thus be
simpliﬁed as:
κ =
QµL
A∆P
(11.2)
where ∆P is P1 − P2.
Surface area, A
Length, L
Flow rate, Q
Pressure, P2
Pressure, P1x
y
z
Figure 11.10: Illustration of Darcy’s law’s parameters.
To calculate the permeability, it is important that the pressure measurements are per-
formed just before and after the porous medium. The bioreactor was thus designed accord-
ingly as shown in ﬁgures 11.8 and 11.9. For the scope of possible ﬂow rates of Q = [0.2 ml/min
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to 5 ml/min] , the Reynolds number (Re = qD
ν
), where the Darcy velocity q = Q
A
ranges from
[0.133 to 3.33] with D as the diameter of the beads (∼1 mm) and from [0.67 to 16.67] with
D as a dimension of the bioreactor (∼5 mm).
Experiments showed that the permeability of the structure was ∼ 4×10−11. The Reynolds
number calculated with the square root of the permeability Re = q
√
κ
ν
ranges from [0.0008 to
0.021] which indicates that the inertial eﬀects are weak in our experiments [3, 161].
11.2.4 Dissolved oxygen measurements
Dissolved O2 ﬁbre optic probes were used to measure the oxygen concentration before and
after the porous medium so as to measure the oxygen consumption of the microorganisms. The
ﬁbre optics employed were from PreSens® and were mounted on syringes with 21 G needles,
as detailed previously. Standard luer ﬁttings closed with a rubber septum inside, were used
as a water-tight connection to the bioreactor inlets. The DO2 sensor inlet before the porous
medium was situated just below (2 mm) the inlet of concentrated nutrient solution. To recall,
nutrients and ultra-pure water were separated to prevent bioﬁlm from forming earlier in the
bioreactor and previous experiments (see chapter II part 6) have shown that bioﬁlm formed
up to the mixing point. Placing the probe at this strategic location, that is, such that it was
in contact with water only, enabled to leave the sensor inside the bioreactor without the risk
of fouling and consequently biasing the measurements. Theoretical calculations were done to
verify that the diﬀusion of nutrient in the direction opposite to ﬂow was always larger than
the advection time, even for the slowest ﬂow rate available with our instruments.
Indeed, the diﬀusion time
τD =
L2
D
(11.3)
where L is the distance over which diﬀusion is investigated, here L = 2×10−3 m, and D is the
diﬀusivity coeﬃcient, taken as 10−9 m/s as it is a standard order of magnitude for diﬀusion
in water. Within our criteria, τD = 4× 103 s.
On the opposite, the advection time, expressed as
τA =
L
V
(11.4)
where V is the ﬂuid velocity and L the distance of advection. At the slowest possible ﬂow rate
of 200 µl/min or 3.33 ×10−9 m3/s and with a cross-sectional area of 25 ×10−6 m2, the ﬂuid’s
velocity is V = 1.3×10−4m/s and L = 2×10−3m. Within our criteria, τA = 1.5×10−1s. The
Péclet number which is the ratio of diﬀusion to advection, here is Pe = τD
τA
≫ 1 indicating
that the process of diﬀusion against the ﬂow will not take place rapidly enough to counter
advection within the bioreactor.
For measurement of dissolved oxygen after the porous medium, the issue of fouling of the
probe still remained. To overcome this diﬃculty, an inlet of ethanol was placed just before
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the sensor as detailed earlier for regularly cleaning.
To perform measurements, the syringes were positioned in a 3D-printed holder which
enabled to align the needles and the bioreactor inlets. Once the syringes were inserted in the
ﬁxed bioreactor, each syringe piston was pushed very slowly, so that the optical ﬁbre came
out. The design of the bioreactor protected the sensors from UVC radiation which could
permanently damage the sensing polymer. This rendered quite diﬃcult to know if the ﬁbre
was well-positioned inside the bioreactor. Indeed, the angle allowing to see the ﬁbre was
narrow and due to its small size, it was diﬃcult to precisely assess the position of the optode.
Additionally, the sensors having variable ﬁbre length coming out on pushing the piston, it
was cumbersome to properly calibrate the positions of the holders as rror of 1 mm could
result in ﬁbre optic breakage. We thus designed a device with a small camera which could
ﬁlm the process of pushing the piston at a higher resolution (see ﬁgure 11.11). A 3D-printed
adjustable holder enabled to position the camera exactly on the angle to view the ﬁbre. This
enabled a reliable positioning of the sensor for every experiment.
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Figure 11.11: Left: small camera with adjustable holder to visualize the ﬁbre inside the
bioreactor, the syringes were removed on the left picture for a better visualization. Right:
camera snapshot where the needle tip and ﬁbre can be seen inside the bioreactor through the
quartz slide.
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11.2.5 Controlling bioreactor inoculation
In order to start each experiment with the same initial conditions, two controls were
applied to bioreactor inoculation. Firstly, the absorbance of the inoculum had to be the same
for every experiment. Prior to inoculation, the bioreactors were ﬂushed with ethanol, then
with culture medium with ampicillin. As bacterial adsorption on a substrate, as well as early
bioﬁlms characteristics, are strongly correlated to the number of cells present [65, 190], the
inoculum cell concentration had to be the same for every experiment. To achieve this criterion,
the percentage transmission of the inoculum was measured and this value was then used as
the volume fraction of inoculum introduced in the bioreactor. For example, if transmission
was 77 %, 0.77 ml of inoculum was introduced. The inoculum was, of course, prepared
using the same protocol for every experiment. Secondly, we considered the non-homogeneous
dispersion of bacteria throughout the porous medium when leaving the inoculated samples
to stand overnight, which we believed could inﬂuence bioﬁlm spatial distribution. We thus
designed a small device with a spinning motor that would rotate the sample continuously. A
3D-printed casing as well as holder for the sample was designed as illustrated in ﬁgure 11.12.
These two measures, along with a strict aseptic protocol, ensured that every experiment
started, as much as possible, with the same initial inoculating conditions.
Inoculated and 
sealed bioreactor 
xed in holder
Rotative motor 
inside casing
3D-printed casing 
and holder
Z
X
Controlled continuous 
rotation 360°/min around 
the motor's axis (Z1)
Z1
Figure 11.12: Rotative device for homogeneous inoculation of bioreactors.
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The architecture and instruments having previously been detailed, we will now focus on
the online monitoring. Once all the measurements were saved, they were processed using R
software [166] in order to extract important trends and information. This software is chosen
as it is well known for statistical analysis and provides multiple readily available functions
namely the smoothing spline function and kernels that will be detailed in the next section.
12.1 Univariate analysis of monitored variables
12.1.1 Methods used to obtain global trend
We hypothesised that the data measured, y(t) at a time t, are noisy observations that can
be expressed as
y(t) = f(t) + ε(t) (12.1)
where f(t) corresponds to the true expected value of the considered variable and ε(t) a centred
noise. We calculate an estimate of f(t) termed fˆ(t). Two prevalent methods for such data
analysis are [93]:
• regressions, for example linear regression and smoothing splines, that constraints the
shape of f and
• methods based on K-nearest neighbours, such as kernels, that assume small variations
of f locally.
101
Here, we used a cubic smoothing spline and Gaussian kernel estimators on our moni-
tored variables, namely diﬀerential pressure, temperature and O2 consumption. A spline is
a piecewise polynomial function having two continuous derivatives [220]. A smoothing spline
estimate is a trade-oﬀ between closeness to the data (interpolation) and minimising roughness
(here integral curvature). Here the degree of smoothing was chosen empirically but a more
robust cross-validation algorithm could be implemented as a perspective. Kernels are local
weighted means, here, we used a Gaussian kernel also known as Nadaraya-Watson, which is
the simplest form of kernel estimates [93]. Two diﬀerent models were chosen for comparison of
their estimates and thus validation purposes. From the smoothing spline, the residues which
are the subtraction of the splines from the raw data, that is y(t)− fˆ(t), are derived. They en-
able to assess the quality of the ﬁt and regression hypothesis. To derive such spline estimates,
four main hypothesis are made in the statistical model on ε(t) which is hypothesised to be
a Gaussian white noise, that is, independent and identically distributed with ﬁnite variance
and zero mean [11]. The variance of ε(t) was calculated using the usual estimates from R. It
is important to keep in mind that these are hypotheses in order to extract the general trend
of the data and that substantial information on the bioﬁlm growth can be contained in the
residues.
12.2 Differential pressure curves
Figure 12.1 illustrates the diﬀerential pressure measurements (in black) during a period
of 35 hours of bioﬁlm growth at a ﬂow rate of 500 µl/min. A cubic smoothing spline (in red)
and a Gaussian kernel (green) illustrate the estimated trend of the data. The raw data shows
a smooth increase of diﬀerential pressure over the ﬁrst 18 hours. Then it exhibits periodical
oscillations (often hourly) that can be interpreted as clogging and reopening of certain pores as
often reported in 2D studies [122, 179, 193] and thus the change in preferential ﬂow pathways.
These oscillating patterns can also be observed in the residual plot (see ﬁgure 12.2). The
smoothed trends help in the analysis of the diﬀerent bioﬁlm colonisation phases. Here, four
distinct rates can be observed. On the ﬁrst 13 hours of growth, there seems to be a lag
phase where the bacterial activity does not impact the eﬀective permeability of the porous
medium. This can be attributed to the adaptation of the microbes to their environment, the
multiplication of cells and the initial secretion of EPS matrix. For the following 10 hours,
that is, up to 24 hours of growth, the ∆P slope is the fastest, with a tenfold increase in
diﬀerential pressure (from ∼ 30 mbar to ∼ 300 mbar). The next 10 hours, that is, from 24
hours to 34 hours, the ∆P slope seems to be slowed with an increase in diﬀerential pressure
of ∼ 100 mbar. Finally, the last phase seem to correspond to a pseudo-steady state where
the mean diﬀerential pressure variation is ∼ 40 mbar but the ﬂuctuations in ∆P are highest
and of amplitude ∼ 150 mbar. The ﬂow rate was very stable and the graph is displayed in
appendix C.3.
The residual curve, obtained from the subtraction of the smoothing splines from the raw
data, along with the estimation of its variance is illustrated in ﬁgure 12.2. Two main phases
can be observed, one with small oscillations and another with important ones. The ﬁrst phase
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Figure 12.1: The diﬀerential pressure measurements (black) for 0.5 ml/min over 36 hours and
their smoothed trend by a spline function (red) or a Gaussian kernel (green)
Figure 12.2: Residual versus order curve (left) and variance of residues (right) obtained for
a 500 µl/min sample. The residual curve time shows two main phases with highly correlated
and regular oscillations. The error variance shows a continuous increase.
seems to stop around 18 hours which corresponds to the initial lag period in the data. The
regularity and auto-correlation of the oscillations indicate that it cannot be attributed to white
noise only, if that was the case, a chaotic series of points with no apparent patterns would
have been observed. This means that the independence and homoscedasticity hypothesis
are not fulﬁlled and thus that the model is not optimal. Still, the regression is robust and
enables to approximate the trend. Furthermore, the smoothing spline and Gaussian kernel
exhibit similar trends which suggest that mean tendency is well-estimated. The variance can
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be observed to increase with time, this indicates that the ﬂuctuations in the raw data were
of bigger magnitude as time - and diﬀerential pressure - increased. This suggests that the
clogged and reopened channels corresponded to main ﬂow paths inside the porous structure
whose blocking and reopening had a greater impact on the eﬀective transport properties of
the porous medium. More details on the residual curves can be found in appendix B.4.
12.2.1 Deriving permeability from differential pressure curves
The permeability was derived from the Darcy’s law as the ﬂow rate along with the cross-
sectional area and length of the porous structure are known. At ﬁrst, we attempted to
directly derive the permeability curve from the raw diﬀerential pressure data. Due to the
inverse function necessary to compute Darcy’s formula for permeability, the smaller values
were thresholded as they resulted in ampliﬁcation of the noise (see appendix B.5). The curve
exhibits a net decrease as it can be observed in ﬁgure 12.3. The "ﬂat" start corresponds to
the thresholded values of the diﬀerential data. The histogram illustrating the threshold can
be found in appendix B.5. The permeability curve was also computed from the smoothed
diﬀerential pressure data, where a clear decrease of 2 orders of magnitude can be observed.
Nevertheless, the small ∆P values do impact the spline for, at least, the ﬁrst 6 hours as an
increase in permeability is displayed. A control experiment was undertaken to evaluate the
initial permeability of the porous medium (see ﬁgure 12.7) and is described later. Even if
the spline only approximate the trend, it enables a clearer approximation of the evolution of
permeability compared to the noisy direct calculation from the raw data.
Figure 12.3: The permeability curves from the raw data (left) and the smoothing spline
(right).
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12.3 Temperature curves
The temperature data were identically smoothed and plotted as illustrated in ﬁgure 12.4.
It can be observed that the temperature variation for this experiment was between 25.5 ℃
and 26 ℃ with a temporary increase up to 27 ℃ after 23 hours to ﬁnally stabilise back to
25 ℃. We believe that this increase in temperature primarily consisted of the heating induced
by the UV lamp to inhibit bioﬁlm development before and after the porous medium which
should normally remain stable around 25.5 ℃ as the room was thermostated. This period
where the temperature increased coincides with the night and could be attributed to the
automatic slowing down of the air-conditioning. Our laboratory being based in a hospital,
the general heating or cooling is externally controlled if no user is present for a manual
command. Typically, in the winter season, the air conditioning has been observed to be
slowed down during the night, whereas in the summer season, it is continuously on. This
heating eﬀect is not believed to have a signiﬁcant inﬂuence on the colonisation of the porous
medium as in previous experiments without the quartz slides, the duration of the experiments
as well as the diﬀerential pressure curves were similar (see appendix C.1).
°
Figure 12.4: The variation of temperature during the experiment. It can be observed that
temperature varied from 25℃ and 27℃.
12.4 Dissolved oxygen curves
Oxygen measurement were performed before and after the porous medium, the plotting
of the raw data is illustrated in ﬁgure 12.5. The inlet curve shows a continuous decrease of
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the upcoming oxygen concentration which could be attributed to a sensor colonisation even if
theoretically, nutrient solution should not have enough time to diﬀuse upstream. Nevertheless,
on a control (non-inoculated bioreactor) experiment, this same decrease could be observed and
it is discussed in the next paragraph. The outlet curve show regular downward peaks during
the ﬁrst 20 hours and upward peaks afterwards. These peaks are due to the ethanol cleaning
procedure in which ethanol is delivered for 5 minutes every hour to clean the eﬄuent optode.
This led to unreliable measurements during the cleaning process and the data was thus ﬁltered
before being ﬁtted with the spline. In order to remove these erroneous measurements, the
slope of the curve was calculated and any important peak corresponding to a diﬀerence ≥
10 mg/l, was removed. Details of this procedure as well as other ﬁltering trials can be found
in appendix B.6.
The oxygen raw data was then smoothed using the spline estimators and the oxygen con-
sumption was calculated by subtracting the eﬄuent spline from the inlet one and is illustrated
in ﬁgure 12.5. There was a clear increase in oxygen consumption over the ﬁrst 29 hours up to
∼ 9.5 mg/l, then, the consumption decreased to 6 mg/l. This decrease consumption period
corresponds to the pseudo-steady state reached by the diﬀerential pressure measurement. It
may indicate that bioﬁlm activity has decreased. Even though much eﬀort has been invested
in keeping the sensors from fouling, contamination leading to erroneous measurements cannot
be completely excluded.
Figure 12.5: The measured oxygen concentration before (red) and after (blue) the porous
structure and their spline estimators (green). It can be observed that the ethanol peaks are
excluded from the splines.
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12.5 Control curves at 1 ml/min
An un-inoculated bioreactor was placed under ﬂow at 1 ml/min for 24 hours to measure
the signal not generated by bioﬁlm colonisation especially for the oxygen measurements. In
ﬁgure 12.6 the diﬀerential pressure and the temperature curves are illustrated. It can be
observed that the diﬀerential pressure slowly increased to ∼45 mbar during the ﬁrst 18 hours
then stabilised for the remaining 6 hours. In this experiment, no UVC rays were used to
inhibit bioﬁlm development before and after the porous structure through the quartz slides
and it can be observed that the temperature did not increase beyond 25 ℃.
1
°
Figure 12.6: Left: the diﬀerential pressure measurements during this control experiment. The
peak at the beginning is an artefact due to manipulation (displacement) of the sensor. Right:
The temperature increase of the reservoir ultra-pure water due to UVC disinfection. The
temperature is seen to remain stable during the rest of the experiment.
The oxygen and the permeability curves are displayed in ﬁgure 12.7. From the permeabil-
ity curve, it can be deduced that a decrease is inherent to the system due to the temperature
increase and possibly trapped air bubbles inside the bioreactor. These aspects are detailed in
the following paragraphs. A decrease of about 1 order of magnitude can be observed, from ∼
4e−11 m2 to ∼ 2e−12 m2. Concerning the oxygen curve, no ethanol cleaning was used in this
control experiment which conﬁrms the origin of the peaks obtained in the previous oxygen
graph. The artefact and one hour-lag at 5 hours correspond to a manipulation of the biore-
actor due to a leak and where no measurements were performed. This also demonstrates the
sensitivity of the sensors and more globally of the system to any type of manipulation. Com-
pared to an experiment with bioﬁlm, it can be noted that the measured oxygen concentration
from the inlet and eﬄuent curves are very similar, indicating no consumption.
Regarding the important decrease in the inlet concentration, a sensor drift was ﬁrstly
hypothesized, but sampling with another sensor directly in the reservoirs disproved this belief.
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Figure 12.7: Left: the measured oxygen concentration before (red) and after (blue) the porous
structure in a non-inoculated bioreactor experiment where a constant decrease of the inlet
oxygen concentration can be observed. Right: the permeability curve derived from the spline.
Being in the valid pressure range (1 - ∼ 10 bar) [210] for Henry’s law of solubility of gases to
apply, our theory is that this constant decrease in dissolved oxygen concentration is because
the conditions for maintaining oxygen solubility in the ultra-pure water are not met. Indeed,
the reservoir was pressurised with air and, as the experiment ran, the proportion of ultra-pure
water, oxygen and air inside the reservoir were gradually changing. At the beginning of the
experiment, the reservoir had a volume VL0 of ultra-pure water which was saturated with
oxygen and a gaseous volume VG0 which can be supposed to be oxygen only due to the recent
bubbling. VL0 + VG0 = V which is the total volume of the reservoir. The solubility of oxygen
depends on the its partial pressure in the gaseous state as well as on temperature [210].
During the experiment, the volume of liquid decreased as a function of the imposed ﬂow
rate and, as a result, an equivalent volume of air arrived from the micro-ﬂuidic pressure con-
troller. Even if the total pressure increased in the reservoir, the proportional concentration of
oxygen globally decreased and thus impacted its solubility in the remaining water. Addition-
ally, UVC radiation slightly increased the temperature of the ultra-pure water as explained
as it can be observed in ﬁgure 12.6. We also believed that UVC rays possibly reacted with
oxygen in the ultra-pure water to generate ozone which would explain the sharp odour upon
opening the reservoir. This could also account for the rapid degradation of some polymers
such as silicone tubing, which could nevertheless be attributed to UVC rays.
More overnight control experiments were performed to assess the inﬂuence of UVC disin-
fection and oxygen bubbling in the reservoirs on the measurements of diﬀerential pressure and
oxygen concentration. The oxygen inlet curves are displayed in ﬁgure 12.8 and the diﬀerential
pressure curves are shown in appendix B.7.
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Figure 12.8: Measurements of inlet oxygen concentration for four diﬀerent control experiments
to assess the inﬂuence of UV and O2 bubbling on the eﬀective oxygen concentration reaching
the bioreactor.
From the measurements, it can be observed that the curve ran with both UV and oxygen
bubbling (corresponding to the "+O2 + UV" in red) follows the same trend as the control
inlet curve in ﬁgure 12.7, except for the sudden decrease at 17 hours we believe was due to
a stagnant bubble formed just before the porous structure which was in contact with the
sensor tip. From the curves of experiments with UV ("+ UV" purple and red curves), it
can be noticed that UVC lamps in the reservoirs increased the temperature aﬀecting the
solubility of oxygen which also aﬀected the diﬀerential pressure. Indeed, a ∆P increase to
50 mbar and an O2 decrease of -9 mg/L, similar to the control curve in ﬁgure 12.6, could be
observed for the red curve if the accident at 17 hours is not considered. Also, a ∆P increase
of 10 mbar and an O2 decrease of -0.5 mg/L was observed for the experiment without oxygen
bubbling but with UV ("-O2 + UV" in purple). Bubbling with O2 also increased diﬀerential
pressure as small bubbles could reach the porous medium and remain trapped, decreasing
the apparent permeability. These air bubbles could come from the reservoir but also form
in the tubing or inside the bioreactor where the pressure was decreased thus inciting the
dissolved oxygen back to a gaseous state. Bubbling without UVC - green curve - impacted
the diﬀerential pressure but to a lesser extent, up to 8 mbar, it nevertheless signiﬁcantly
impacted the decrease in oxygen reaching the bioreactor with a decrease of -5 mg/L. The
control experiment without bubbling and UVC (cyan) showed stable diﬀerential pressure and
O2 concentrations. Table 12.1 summarises these observations.
The presence of bubbles in the circuit induced oscillations in the diﬀerential pressure
measurements but which remained ∼ 25 mbar and thus, not aﬀecting the measurement of
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Parameters
Measurements
Diﬀerential pressure O2 concentration
+ UVC
+ O2 րր ցց
-O2 ր ց
- UVC
+ O2 ր ցց
-O2 ∼ ∼
Table 12.1: Summary of the inﬂuences UV disinfection - through an increase in temperature
and decrease in oxygen solubility - and bubbling with oxygen, where decrease in O2 solubility
in the main reservoir happened because of a lesser proportion of oxygen and the trapping of
bubbles in the bioreactor as DO2 moved back to the gaseous state.
ﬂuctuations induced by the presence of bioﬁlm which ranged from 100 mbar. Consequently,
the oxygen chemistry inside the reservoir was less stable than expected and was rather complex
to maintain as multiple aspects came into play, for instance the changes in partial pressure
of a compressible ﬂuid, along with the volume, temperature and concentration of diﬀerent
elements.
12.6 Absorption measurements
Here, the absorption measurements are for the sample at 500 µl/min. In order to allow for
the detection of bioﬁlm through the ﬂow cell, an integration time of 100 ms was implemented.
This rendered a lot of data and the absorbance measurements were saved on a 5-hour basis.
Here, two of such saved ﬁles are plotted in Figure 12.9. The left plot is from the beginning of
an experiment; the downwards regular peaks are hourly and correspond to ethanol cleaning, as
it is completely transparent compared to the eﬄuent ﬂow. The slight increase in absorbance
before every decrease can be attributed to the washing out of some biomass or cells from
the bioreactor. The absorbance can also be observed to slowly increase, indicating a possible
colonisation of the ﬂow cell. The right plot is from the end of the experiment where either
the colonisation of the ﬂow cell is seen to have reached a steady value. The hourly ethanol
cleaning can still be observed but it seems to have washed out biomass from the bioreactor
and thus yielded a higher absorbance rather than a lower one as at the beginning of the
experiment.
12.7 Conclusion
The data analysis show important information that can be extracted with the monitored
variables. From the diﬀerential pressure curves, diﬀerent development phases could be iden-
tiﬁed with the smoothing estimators and their derivate. Residual curves showed two separate
phases in the experiments with strongly correlated ﬂuctuations which seems to contain infor-
mation on the biological activity. The evolution of eﬀective permeability was also calculated.
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Evolution of absorbance - start of experiment Evolution of absorbance - end of experiment 
Figure 12.9: Left: absorbance measurements for an experiment at 0.5 ml/min over 5 hours
at the beginning of an experiment, the downward peaks correspond to ethanol hourly clean-
ing. Right: absorbance measurements over 5 hours at the end of an experiment where the
hourly ethanol cleaning is believed to bring biomass from the bioreactor and thus increased
absorbance.
The temperature monitoring enabled to assess its variation inside the bioreactor. The oxygen
consumption gave a good indication on the bacterial activity during the experiment. The
sensitivity of the measurements to UVC disinfection and oxygen bubbling was also assessed
and formed an intrinsic noise of the system.
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The proposed workbench unlocks potential experiments that will be discussed in this
section. We shall also detail its disadvantages and the diﬃculties encountered.
13.1 Experimental perspectives
One of the most important advantages of the experimental set up is its versatility. It
oﬀers control over several mechanical and biochemical parameters regarding bioﬁlm growth
which can be modiﬁed to study a diﬀerent aspect of colonisation. The paragraphs below lists
several possible experiments that can now be launched with this set up.
13.1.1 Changing the bio-chemical conditions
The most intuitive variation in the set up would be to run the same experiment for diﬀerent
bacterial strains and assess their colonisation capacity under constant ﬂow. The complete
range (0.2 ml/min - 5ml/min) allowed by the micro-ﬂuidic pressure controller could be tested
for each strain. Temporal development curves could be drawn and by changing the nutrient
concentration, the tipping points at which shear rate dominates over nutrient availability could
be identiﬁed. A customized nutrient solution can also be fed to promote secretion of speciﬁc
polymers, eﬄuent can also be analysed for total organic carbon (TOC) and dissolved organic
carbon (DOC) to identify the bacterial nutrient consumption. The bioreactor could also be
slightly modiﬁed for the introduction of a tracer or another substance, for example a pollutant,
and breakthrough curves could be used to analyse the tracer absorption or annihilation by
the micro-organisms as in [10, 171].
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13.1.2 Customized hydrodynamical conditions
The micro-ﬂuidic pressure controller provides various ﬂow patterns and also enables 100 %
customized coded ﬂow. Potential experiments with variying ﬂow patterns could be:
• Flow by constant head rather than constant ﬂow rates. This could be used to evaluate
the temporal clogging capability of given bacterial strains under controlled conditions.
• Oscillatory ﬂow are known to inﬂuence the proliferation of living organisms for example
endothelial cells [94], yeasts [103] and human marrow stromal cells [135]. These types of
ﬂows could be experimented on bacteria with diﬀerent frequencies and amplitudes. Re-
sults may provide solution for clogging of bioﬁlters or better understanding of prosthetic
and orthopaedic infections.
• Intermittent backward ﬂow could be implemented to evaluate how this impact the
eﬀective permeability and might be a solution for auto-regulation of clogging in bioﬁlters.
13.1.3 Adaptation to diverse porous media
As detailed in the previous section 11.2, the bioreactor was designed empty so that any
time, another porous medium could be introduced via computer assisted design and additive
manufacturing. CAD unlocks multiple possibilities, below are a few ones:
• Already available printable meshed sponges and packed beds could be re-meshed thicker
or thinner to modify transport properties. Also fractal porous media could provide
insights on the preferred pore size for colonisation.
• Simple porous media could be designed to analyse one aspect at a time, for example a
solid block with two pores only, a narrow one and a larger one to assess the temporal
colonisation of each.
• The bioreactor can be modiﬁed to accept a non-printed porous medium, for example
biological tissue or any biomedical material where colonisation by bacteria has to be
assessed. Openings can be situated at gluing points for the quartz slide for water-
tightness.
The varying conditions cited above do not require the implementation of signiﬁcant
changes in the system. Other type of modiﬁcations include not using the bioreactor but
a 2D micro-ﬂuidic chip or capillary along with a microscope to image in real time the bioﬁlm
growth.
The complete settling of the workbench necessitated a substantial amount of time and
it was exploited in its full capacity only for a few weeks. In the next paragraphs, we shall
discuss the limitations of the system.
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13.2 Limitations of the system
13.2.1 Technical limitations
The micro-ﬂuidic pressure controller can deliver up to 2 bars of pressure and control a
range of ﬂow rates of (0.2 ml/min - 5ml/min). The diﬀerential pressure transmitters can
measure up to 1 bar, but they can be replaced by less sensitive ones that can measure up to
3 bars. The MUX valves can hold up to 2 bars of pressure and the syringe pump valves can
hold up to 3 bars. The ultra-pure reservoir can theoretically hold up to at least 2 bars but
has been tested up to 1.5 bars only. Up to date, these technical constraints did not hinder
experiments.
13.2.2 Difficulties encountered
The experimental set up was obtained following an iterative process. A simple circuit was
ﬁrst built as described in Chapter II section 6 when growing bioﬁlms in glass capillaries. This
primary circuit was gradually complexiﬁed so that it could account with the desired sensors
and hydrodynamics. Experiments were continuously ran throughout the building process to
cater for issues that were encountered. For example, it was noticed that bioﬁlm developed
before and after the porous medium, consequently modifying the hydrodynamic conditions
reaching the porous structure. To counter this eﬀect UVC rays were targetted to these regions
using quartz slides as described earlier in section 11, which proved very eﬃcient. Another
example is the continuous absorbance measurements of the eﬄuent ﬂow that was set up to
detect potential detachment of bioﬁlm. This was the very last device to be added to the
circuit.
Each complexiﬁcation came along with modiﬁcations of the actual circuit and issues to
ﬁx which could take a short or long time depending on their nature. For example, addition of
quartz slides required adequate bioreactor designing along with cutting, cleaning and gluing of
the slides which necessitated longer time that expected to obtain a fully operational bioreactor.
Still these steps form part of the normal evolution of any experimental system and are quite
diﬃcult to by pass.
A direct consequence of the versatility of the workbench was the dependency over several
apparatus that could failed at some steps either from faulty component or improper handling
and/or maintenance. Indeed, the experimental workbench consisted of several apparatus
each with speciﬁc requirements. The smooth running of every experiment depended on the
eﬃciency of each instrument. This meant that any faulty manoeuvre, whether human or
machine, could result in an abortive experiment. The duration of the experiments were
usually around 40 hours with the probability for a faulty manoeuvre increasing with time.
During the two-day experiment, any breakage of sensor or bioreactor part terminated the
ongoing experiment because ﬁxing would involve too much ﬂow disturbance in the bioﬁlm
growth.
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All the noticed or encountered machine limitations were addressed during this work and
the system should now be subject to proper predictive maintenance and correct human han-
dling. Maintenance include regularly recalibration of the instruments and sensors, also chang-
ing silicone tubing for O2 bubbling, rubber septa, joints and glued parts that maintain water
and air-tightness in the syringes and especially the ultra-pure reservoirs where the UVC rays
rapidly damaged some polymers.
The insertion of the O2 optodes mounted on plastic syringes revealed to be challenging due
to the poor quality plastic mounting, the non-standard syringe and needle dimensions along
with a variable length of optical ﬁbre length. These aspects, associated with some sealing
imperfections, rendered quite cumbersome the connection of the sensor to the bioreactor as
well as the ﬁbre positioning inside it.
A common diﬃculty in the experiments was the presence of air bubbles inside the biore-
actor. As its constitutive material is hydrophobic, bubbles did not easily ﬂow through the
porous structure. Sometimes, a bubble from the nutrient feeding pump could reach the biore-
actor hours after launching the experiments. This bubble would then stay stagnant just before
the bioreactor, modifying the ﬂow properties reaching the porous medium. A syringe needle
was inserted from the pressure probing point to remove the air. These incidents were quite
frequent as described in the previous section due to oxygen bubbling and the heat induced
by UVC rays in the reservoirs.
Another frequent incident was the presence of leaks. In this workbench, the bioreactor was
completely watertight but other instruments could leak, for example the diﬀerential pressure
sensor connectors, the O2 sensors sometimes leaked through their plastic syringe mounting.
Several leaks arose with the Cetoni® glass syringes due to a faulty component. Few times,
the ultra-pure reservoirs leaked by the sampling port as UVC rays and/or ozone rapidly
deteriorated the rubber septa.
The main limitation was that the workbench required signiﬁcant amount of preparation
time to launch an experiment. This was especially for reproducibility purposes where the
initial conditions of every experiments had to be the same. This required properly setting
the protocol of every aspect, from bioreactor inoculation with similar cell concentration to
identical bubbling time of the reservoirs to obtain the same concentration of dissolved oxygen.
A two-day experiment usually required at least 2 days of preparation prior to the experiment
and 1 day of cleaning post-experiment. Launching an experiment took several hours (10h).
As the amount time of needed for eﬃcient running was signiﬁcant, the set up could not be
run on a full regime with 4 samples simultaneously and only two samples were launched at
one time.
13.2.3 Proposed technical improvements
The optimisation of an experimental workbench can be a continuous process. The aim of
this section is to propose some technical improvements that would require implementation or
at least investigation as they could greatly decrease the limitations of the system.
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• Diﬀerent micro-sensors could be used from the same supplier and mounted on custom
holders or by using the micro-manipulator from the supplier. In any case, the bioreactor
probing point would have to be modiﬁed for water-tightness and an easier insertion of
the probe. A needle and septa could still be used as guide or the custom holder could
be designed to ﬁt directly onto the bioreactor. Positioning of the optode inside the
bioreactor could be done by turning a micrometer screw which would be more precise
than the syringe piston.
• The presence of bubbles were responsible for many invalidated experiments and the
introduction of bubble traps just before the bioreactor water and nutrient inlets would
signiﬁcantly improve the quality of every experiment. A device to ﬂush out stagnant
air bubbles inside the bioreactor forming just before the porous medium would also
improve the eﬃciency of the set up. Its location and conditions of use would have to be
assessed to evaluate its impact on bioﬁlm growth.
• The silicone glue ensuring air-tightness of reservoir parts should be replaced by custom
3D printed ﬁttings as UVC rays - and maybe ozone - inside the reservoirs rapidly
damaged the polymer.
• The protector curtains for the UVC radiations could be replaced by a thick and trans-
parent cubicle. This would ease the access to the rear of every storey and would also
allow visual veriﬁcation during an experiment. A thermostated cubicle would be a
considerable advantage which would remove the possible biases linked to the room air-
conditioning.
• The diﬀerential pressure ﬁttings could be replaced by more convenient ones if commer-
cially available, else 3D printed.
• Maintaining a constant concentration of oxygen in the reservoir would prevent any
limitation that could be encountered at higher ﬂow rates. Pressurising the reservoirs
with pure oxygen could be an alternative but this still implies changes in the partial
pressure of oxygen and thus its solubility. Also, bubbling with ozone rather than pure
oxygen could provide for both disinfection and oxygenation of the ultra-pure water,
removing the use of UVC lamps and consequently the eﬀect on oxygen solubility as well
as the rapid degradation of some polymers in the reservoirs. The impact of ozone on
the polymers would also have to be assessed.
• Using UVC LEDs rather than a powerful 16 W lamp for the bioreactors could provide
for a better target of the rays and reduce local heating.
• Setting up a predictive maintenance schedule would ensure proper running of every
experiment.
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14
Conclusion
We have achieved the development of an experimental set up combining an innovative
bioreactor elaborated by additive manufacturing and controlled by a high-performance micro-
ﬂuidic system. This workbench enables to monitor in real-time the evolution of transport
properties, O2 concentrations and expected bioﬁlm detachment by spectrophotometry, all
under controlled hydrodynamical stimuli. The statistical data analysis allows speciﬁc coloni-
sation patterns with diﬀerent variance to be identiﬁed. The methodology enables to investi-
gate the inﬂuence of mechanical and biochemical parameters on the colonisation of various
porous media by providing a complete monitoring over the bioﬁlm growth environmental fac-
tors, thus allowing the investigation of bioﬁlm development with varying parameters whether
bacterial strain, porous medium, pressure, ﬂow rate, diﬀerential pressure, nutrient concen-
tration or type. The experimental methodology involves some limitations and technical and
methodological solutions have been proposed to overcome these diﬃculties. Additionally,
more experiments - both control and bioﬁlm - should be undertaken in order to meticulously
assess the limitations of the diﬀerent components. Finally, the experimental set up that we
proposed reconciles precision, reproducibility and versatility. Its sophisticated design and
instruments makes it, to our knowledge, one of the most complete bioﬁlm micro-bioreactor
workbench ever created.
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Chapter IV
Example application: Investigating
the effects of flow velocity on the
temporal development of P.
aeruginosa biofilm in porous media.
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15
Introduction
Hydrodynamic conditions strongly inﬂuence the development of bioﬁlms in porous media
through micro-organisms distribution and nutrient transport. The initial ﬂow rate will impact
bacterial dispersal within the porous structure. Then, as bacteria feed on advected nutrients
and produce polymers, the bioﬁlm accumulation will modify the ﬂuid pathways across the
porous media and consequently the advection of nutrients. As an example of application of
the proposed methodologies, we experimented growing Pseudomonas Aeruginosa bioﬁlms in
3D-printed bead-pack at diﬀerent ﬂow rates, notably 0.5 ml/min, 1 ml/min and 2 ml/min over
durations ranging from 36 hours to 45 hours to investigate these phenomena. We hypothesised
that diﬀerent ﬂow rates would impact the temporal development of bioﬁlms as well as the
evolution of eﬀective permeability across the porous structure. In this chapter, we shall
present the ﬁrst results of the experiments held with the workbench described in chapter III.
For the 0.5 ml/min and 1 ml/min ﬂow rates, we also imaged the porous structures using the
protocol described in chapter II which is based on X-ray micro-tomography using a contrast
agent combining barium sulfate and low-gelling temperature agarose. This gave access to
the spatial distribution of the biomass but also the ﬂuid pathways along with the volume of
bioﬁlm and the ﬁnal porosity of the porous medium.
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16.1 Biofilm growth protocol
16.1.1 Degassing the bioreactor
An important step in the bioreactor preparation for inoculation was its degassing. The
porous medium used for these experiments consisted of a printed packed bed of porosity ∼
32 % and the beads had a mean diameter of 800 µm - which was the same as described in
Chapter III section 11. In early experiments, the X-ray micro-tomography images of bioﬁlm-
colonised bioreactors showed a large amount of air trapped in the porous medium. As the
bioreactor printing material was a hydrophobic polymer, saturating it with water revealed to
be a more complicated procedure than initially thought. Ethanol is a miscible solvent that
was observed to have a smaller contact angle with a 3D-printed surface as shown in ﬁgure 16.1.
Measurements of the contact angle indicated that the polymer was ethanol-philic. Thus, the
bioreactor was soaked in 70° ethanol with blocked inlets and probing points below the porous
medium and ethanol was successively ﬂushed and withdrawn and using a plastic syringe.
Then, the bioreactor saturated with ethanol was positioned vertically in a 500 ml beaker
ﬁlled with ultra-pure water and degassed in a vacuum bell jar for 30 minutes. This way, by
the dissolution of the ethanol in water, the bioreactor would slowly become water saturated.
16.1.2 Strain preparation and bioreactor inoculation
Pseudomonas Aeruginosa (ATTC 10145) expressing green ﬂuorescent protein (GFP) was
used for this experiment as in chapter II. Pseudomonas Aeruginosa is a gram-negative, fac-
ultatively anaerobic bacterium known for producing sturdy bioﬁlms [136, 141]. Strict aseptic
protocol was followed to ensure that no contamination of the original strain occurred. This
included sterilisation of all instruments by autoclaving at 121℃, cleaning all working surfaces
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Figure 16.1: A 100 µl drop of water and ethanol on a 3D-printed surface. The approximate
contact angles clearly demonstrate the hydrophobicity of the polymer as well as its ethanol
philicity, the contact angles being > 90 ° and < 90 ° respectively.
with 70° ethanol and working under a recirculating hood. Cultures were reconstructed from
frozen stock in 6 ml of sterile culture media (Nutrient Broth from Sigma-Aldrich® with 300 µl
of Ampicillin solution (concentration of 6 mg/ml) incubated for 48 hours at 37°C in sterile
centrifuge tubes.
For inoculum preparation, cultures were washed via centrifugation at 3000 rpm for 15
minutes, supernatant was removed and the settled residue was resuspended in 4 ml of fresh
culture medium. Then, the percentage transmission, and thus cell concentration, of the in-
oculum was measured to determine the amount to be introduced in the bioreactor. Firstly,
the reference transmission of the spectrophotometer was performed using 1.5 ml of fresh cul-
ture medium in a quartz reservoir. Then, 1.5 ml of prepared inoculum was introduced in
a quartz spectrophotometer reservoir for percentage transmission. This number was conse-
quently used as the volumic fraction of inoculum to be introduced in the bioreactor. For
example, if transmission was 77%, 0.77 ml of inoculum was introduced. Prior to inoculation,
the bioreactors were ﬂushed with ethanol for sterilisation, then with culture medium with
ampicillin to completely remove the ethanol.
Once inoculated, the bioreactor was placed on the rotative motor holder as described in
chapter III section 11 and was left overnight.
16.1.3 Preparation of fluidic circuit
Prior to every experiments, the ultra-pure reservoirs were cleaned with soap and deionised
water, then with ethanol and a ﬁnal rinsing with ultra-pure water prior to ﬁlling. Meanwhile,
the accessories for O2 bubbling and mixing were cleaned with 70° ethanol and rinsed in a 500
ml beaker of ultra-pure water. Once the reservoirs were ﬁlled, they were bubbled with pure
O2 and stirred for 24 hours.
All tubing and connectors for the circuit were autoclaved. Concentrated nutrient solution
- 30 times the ATTC standard concentration - was prepared by autoclaving a mixture of
12.69 g of Nutrient Broth from Sigma-Aldrich® with 50 ml of deionised water. Instruments
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that could not be autoclaved such as glass syringes from for syringe pump and sensors, were
sterilised with 70° ethanol. The main storey of the the workbench was cleaned with soap and
70° ethanol before setting up the circuit as described in chapter III section 11.
When launching an experiment, the reservoirs were ﬁrmly tightened, oxygen supply was
stopped and the UV lamp was switched on. Once ultra-pure water was ﬂowing, the bioreactor
was connected to the circuit with care not to introduce bubbles. The tubing for the pressure
sensor were ﬁtted on the bioreactor at the corresponding probing points and, on the other
end, they were ﬁtted with the adequate male connector for the pressure sensor. The pressure
sensors were placed in a small pool, bubbles were removed from their female ﬁttings and the
sensor were calibrated. Then, once water was ﬂowing through the tubing from the bioreactor,
the male ﬁtting was screwed, still under immersion so as not to introduce bubbles, to connect
the sensor to the bioreactor. Ultra-pure water only was ﬂown for this procedure as we believe
that sending nutrient through the tubing to the sensor could encourage chemotaxis from the
bacteria during the experiment. The same ﬂow rate (1000 µl/min) was used every time for
this procedure.
Once the pressure sensors were connected, adequate ﬂow rate was set and concentrated
nutrient solution was added. The nutrient ﬂux was kept constant for each experiment, it
was at a concentration of 2 µl for every 100 µl/min of ultra-pure water. This nutrient ﬂow
rate was chosen as it was, at the highest ultra-pure water ﬂow rate, the maximum that could
be delivered without reﬁlling the syringes overnight. Besides, early experiments showed that
bioﬁlm developed very well at this nutrient concentration.
Afterwards, the absorbance ﬂow cell was connected to the eﬄuent of one bioreactor. Its
reference and dark spectrum were set just before by ﬂushing fresh culture media - at the same
concentration as the one being delivered - with a plastic syringe. Then, the ethanol delivery
pump, for the cleaning of the eﬄuent optode and absorbance ﬂow cell, was connected and the
syringe pump was programmed to ﬂow 500 µl/min of ethanol for 5 minutes every hour. At
last, the O2 optodes were connected to the bioreactor. The syringes were previously ﬁlled with
water so that air would not be introduced when pushing the piston to release the optical ﬁbre.
Special care was required for this procedure as excess pressure could damage the sensors.
Once the experiment was completely set up, it was left to run for 24 hours. The next
day, measurements would be momentarily stopped to reﬁll the nutrient syringes if needed.
In case of small bubbles and or minor leaks, these would be ﬁxed and the impact on the
measurements would be assessed. The experiment was then left to run for another night.
The continuous measurements were recorded as detailed in chapter III section 12. Ab-
sorption measurements were held on the 2 ml/min experiments only. All the data was then
processed using the R software for analysis.
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16.2 Imaging protocol and processing
16.2.1 Contrast agent injection
The contrast agent was prepared the day prior to imaging following the protocol de-
scribed in chapter II section 6 and was placed in a 40℃ water bath. Just before injection,
the centrifuge tube was well shaken to prevent the settlement of the barium sulfate, it was
then degassed in a vacuum bell jar and ﬁtted with the adequate cap for introduction in the
bioreactor with the micro-ﬂuidic pressure controller. The micro-ﬂuidic pressure controller
with constant pressure was used to introduce the contrast agent for these experiments. We
hypothesised that introduction with constant pressure would induce less shear stress than
constant ﬂow in a porous structure were the pressure could become very high in small pores.
Also, the high precision of micro-ﬂuidic pressure controller enabled a very slow introduction
with an imposed pressure that could be twenty times smaller that the diﬀerential pressure
achieved during bioﬁlm growth. The injection duration was approximately 90 mins with a
maximum pressure of 10 % of the maximum diﬀerential pressure reached during the exper-
iment. This led to a better penetration of the barium sulfate particles within the available
pore space.
Before introduction of the contrast agent, measurements were stopped and sensors were
removed. All inlets and probing point were blocked except for the ultra-pure water inlet
and eﬄuent. If the other probing points and inlets (nutrient and ethanol) were not blocked,
the contrast agent introduction time was increased as the barium sulfate particles tended
to diﬀuse through tubing even when there was no ﬂow. Once eﬄuent colour was white due
the saturation in barium sulfate, the injection was stopped and the bioreactor was sealed.
It was then refrigerated for 15 minutes for rapid polymerization of the gel which prevented
sedimentation of the barium sulfate particles. The sample was kept in a sealed bag with ice
before imaging process with X-ray micro-tomography.
16.2.2 Acquisition set up and parameters
We then proceeded to X-ray CMT image acquisition using a Phoenix Nanotom® with a
Tungsten target at 90 kV and 80 µA. Lowest possible voltage and amperage were selected
to prevent excessive heating of the sample and de-polymerizing of the agarose. In addition,
lowest scanning time (500 ms per frame) and minimum averaging (3 frames) were selected
to reduce total acquisition which was about 1 hour and 30 minutes for images of 2000 ×
2000 pixels of size 5.5 µm. Before reconstruction, the raw acquisition was corrected for ring
artefacts and for movement of the sample. Prior to each experiment, the bioreactor was
imaged empty under the same parameters in order to ease the separation of the solid phase
during segmentation of the sample with bioﬁlm. This step is detailed in the next section.
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16.2.3 Image processing
Image processing was carried out using Avizo® 9 Fire Edition software. Integrated algo-
rithms used were the Non-local means ﬁlter, the Region growing segmentation algorithm and
the Label analysis function as in described chapter II. Additionally the Image Registration
Wizard was also used to automatically align the pre- and post-colonisation bioreactor images.
This process uses an iterative optimization algorithm to align two images of the same sample
showing mutual information. The advantage of this algorithm is that it keeps the information
from both stacks. A rigid registration involving translation and rotation, was chosen.
The pre- and post-colonisation bioreactor images were ﬁltered using a Non-local means
before being aligned. Once the images were registered, the empty bioreactor stack was bina-
rized using a Hysteresis algorithm and used to mask the solid phase in the bioﬁlm-containing
bioreactor. The masked stacked was then cut to select only the porous structure and bioﬁlm
for segmentation which was performed using Region growing. This algorithm allowed to
verify that the contrast agent came as one connected component. It was also less computer
expensive than hysteresis or watershed algorithms and enabled a convenient labelling of every
segmented phase. Once the stack was segmented, the volume of each phase, namely bioﬁlm,
porous media, contrast agent and air bubbles when present, were extracted.
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In this section, we present the results of experiments at three diﬀerent ﬂow rates namely
0.5 ml/min, 1 ml/min and 2 ml/min. The corresponding diﬀerential pressure, temperature,
permeability and oxygen consumption curves are displayed and analysed. Unfortunately, no
bioﬁlm detachment could be observed using the spectrophotometer because leaks terminated
the experiments before reaching the clogging phase. Preliminary experiments showed that
important clogging happened at 2 ml/min over 40 hours (see appendix C.1).
In order to ease comparison between growth stages of the bioﬁlm, we deﬁne the term
"∆P slope" which is expressed as the hourly diﬀerence between the minimum and maximum
diﬀerential pressure reached. A low ∆P slope indicates that bacterial activity does not impact
the eﬀective transport properties of the porous medium. This may suggest that bioﬁlm is
forming in small pores that does not signiﬁcantly contribute to the ﬂuid ﬂow, or biomass
could be accumulating on main channels but not enough to impact the ﬂow velocity. On the
opposite, a high ∆P slope could suggest that main ﬂow paths are being greatly colonised
and that the ﬂuid velocity is rapidly increasing to maintain the same ﬂow rate or that a
homogeneous biomass accumulation has reached a tipping point and that the decrease in
porosity is starting to aﬀect the eﬀective transport properties.
17.1 Analysing monitored variables
17.1.1 Experiment at 0.5 ml/min
The sample performed at 0.5 µl/min was run for 35 hours and was imaged by X-ray
micro-tomography. Figure 17.1 illustrates its diﬀerential pressure evolution and the temporal
derivative of the spline. The maximum ∆P reached was of 460 mbar and the experiment
exhibited four diﬀerent ∆P slopes: on the ﬁrst 13 hours of growth, there seems to be a lag
phase where the bacterial activity did not impact the eﬀective permeability of the porous
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medium. This can be attributed to the adaptation of the microbes to their environment, the
multiplication of cells and the initial secretion of EPS matrix. For the following 10 hours,
that is, up to 24 hours of growth, the ∆P slope is the fastest, with a tenfold increase in
diﬀerential pressure (from ∼ 30 mbar to ∼ 300 mbar). The next 10 hours, that is, from 24
hours to 34 hours, the ∆P slope seems to be slowed with an increase in diﬀerential pressure of
∼ 100 mbar. Finally, the last phase seems to correspond to a pseudo-steady state where the
mean diﬀerential pressure variation is ∼ 40 mbar but the ﬂuctuations in ∆P are highest and
of amplitude ∼ 150 mbar. The ﬁrst derivative of the spline supports the ∆P indications but
gives more informations on the trend. It also shows a small decrease from 17 h to 20 h. The
important decrease at 30 h corresponds to the beginning of the pseudo steady state in the
diﬀerential pressure measurements. The ﬂow rate was very stable and the graph is displayed
in appendix C.3.
Figure 17.1: Left: the diﬀerential pressure measurements (black) for 0.5 ml/min over 35 hours
and its smoothed trend by a spline function (red) or a Gaussian kernel (green). Right: the
ﬁrst temporal derivative of the spline.
The corresponding permeability and temperature curves are illustrated in ﬁgure 17.2. The
temperature measurements display a main variation between 25.5℃ and 26℃ with an increase
to 27℃ from 22 to 29 running hours. As detailed in chapter III section 12, this type of increase
has been observed to happen during the night with the automatic slowing down of the air
conditioning, except in the presence of a user to manually keep it on. As experiments ran for
two consecutive nights, two peaks were always observed. The amplitude of the increase gives
insights if the experiment was launched in the morning, during the day or at night. From the
spline-calculated permeability, a decrease of about 2 orders of magnitude can be observed.
The beginning of the curve, for the ﬁrst 12 hours, being unstable due to the inverse function
of small diﬀerential pressure values.
The oxygen raw data showing the concentration measured by the inﬂuent and eﬄuent
optodes along with the calculated consumption curve are displayed in ﬁgure 17.3. In the raw
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°Figure 17.2: Left: the temperature measurements (black) for 0.5 ml/min over 35 hours and
its smoothed trend by a spline function (red) or a Gaussian kernel (green). Right: the
permeability curve, calculated from the spline.
data, the high downward - for the ﬁrst 20 hours - and upward - for the remaining time - peaks
are a direct consequence of the hourly ethanol cleaning of the eﬄuent optode.
Figure 17.3: Left: the measured oxygen concentration before (red) and after (blue) the porous
structure and their spline estimators (green). It can be observed that the ethanol peaks are
excluded from the splines. Right: the oxygen consumption curve.
These unwanted measurements were removed as detailed in chapter III section 12 and
both inlet and eﬄuent curves were ﬁtted with smoothing splines from which the consumption
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was derived. The consumption curve shows a continuous increase over the ﬁrst 29 hours up to
∼ 9.5 mg/l, then, the consumption decreased to 6 mg/l. This decrease period corresponds to
the pseudo-steady state reached by the diﬀerential pressure measurements. It may indicate
that bioﬁlm activity has decreased.
17.1.2 Experiment at 1 ml/min
The sample performed at 1 ml/min was over 43 hours and was also imaged by X-ray
CMT. Figure 17.4 illustrates the diﬀerential pressure evolution and the temporal derivative
of the spline. In the diﬀerential pressure data, a sudden decrease can be observed at 20
hours. This was due to an overnight small leak in the pressure sensors ﬁttings, which, when
ﬁxed, required to stop the ﬂow through the bioreactor. The reset of the ﬂow rate at 21 hours
is believed to have detached an important amount of biomass as the diﬀerential pressure
decrease signiﬁcantly. In this experiment, the maximum diﬀerential pressure reached was of
720 mbar and the bioﬁlm development exhibits four diﬀerent ∆P slopes. For the ﬁrst 11
hours, the ∆P slope is slow ∼ 1.25 mbar/hour, then for the next 8 hours, the ∆P slope is
steep (∼ 70 mbar/hour). Then, the faulty manoeuvre decreased the diﬀerential pressure back
to ∼ 60 mbar. The rapid ∆P slope (even slightly faster ∼ 90 mbar/hour) can be observed
as the diﬀerential pressure increased again to ∼ 600 mbar. Afterwards a pseudo-stationary
phase seems to be reached at ∼ 450 mbar with longer temporal variations. In the spline
derivative, the accident can be observed as the main decrease and successive increase. The
pseudo-steady state can also be observed at 30 hours. The ﬂow rate was very stable and the
graph is displayed in appendix C.3.
Figure 17.4: Left: the diﬀerential pressure measurements (black) for 0.5 ml/min over 35 hours
and its smoothed trend by a spline function (red) or a Gaussian kernel (green). Right: the
ﬁrst temporal derivative of the spline.
The temperature and spline-derived permeability are displayed in ﬁgure 17.5. The tem-
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perature data exhibits a main variation between 25℃ and 26℃ with two night peaks. The
ﬁrst one at the beginning of the experiment during the ﬁrst 10 hours and the second one
between the 27th and 31st hours of development. The permeability curve displays a biased
peak at the beginning and a decrease of about two orders of magnitude. It must be noted
the initial permeability of 4e−11 for this experiment coincides with the initial permeability of
the control experiment at the same ﬂow rate, detailed in chapter III section 12. This gives a
good indication on the reproducibility of the protocol.
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Figure 17.5: Left: the temperature measurements (black) for 0.5 ml/min over 35 hours and
its smoothed trend by a spline function (red) or a Gaussian kernel (green). Right: the
permeability curve, calculated from the spline.
The oxygen raw data showing the concentration measured by the inﬂuent and eﬄuent
optodes along with the calculated consumption curve are displayed in ﬁgure 17.6. For this
ﬂow rate, the eﬀects on hourly ethanol cleaning on the measurements of the eﬄuent optode
are not evident. This may be due to the smaller residence time of ethanol on the optode as the
ﬂow rate has been doubled. An adapted ethanol ﬂow could be implemented to conﬁrm that
the optode is regularly cleaned. The inlet measurements exhibits a noisy trend. It should be
noted that the noisy data with the downward peak from 12 h to 13 h is an artefact due to a
removal, followed by a repositioning of the optode - without stopping the measurements - to
remove a stagnant bubble before the porous medium. The data exhibits a steady decrease up
to 23 h where ﬂuctuating measurements can be observed for 4 hours. This period corresponds
to the rapid increase in diﬀerential pressure after the accident and, even if ﬂuctuations in the
inlet ﬂow rate could have happened before stabilisation to 1 ml/min, such an impact on the
oxygen concentration is unlikely. After this period, the inlet curve displays a stable decrease.
During this very last phase, the raw data showed that inﬂuent O2 concentration was quite low
(∼ 4 mg/L) and that the eﬄuent O2 concentration measured during this period was very close
to 0 mg/L. Under the hypothesis that the optodes were not fouled by bioﬁlm, this strongly
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suggests that oxygen was limiting. This would also explain why there was a decrease in the
∆P slope during this period.
Figure 17.6: Left: the measured oxygen concentration before (red) and after (blue) the porous
structure and their spline estimators (green). Right: the oxygen consumption curve.
The oxygen consumption curve shows an increase up to 9 mg/l for the ﬁrst 7 hours
then exhibits a cyclic trend. The accident at 19 hours did not seem to impact bacterial
activity as no important diﬀerence in the consumption curve can be observed. However,
the ﬂow reset period between, 23 h to 27 h, with the rapid increase in diﬀerential pressure
corresponds to the important decrease in O2 consumption. The small period of time at null
consumption corresponds to the signiﬁcant ﬂuctuation in diﬀerential pressure that happened
at the 27th hour. The consumption afterwards increases still following a cyclic trend with a
mean consumption around 3.5 mg/l.
17.1.3 Experiments at 2 ml/min
The sample conducted at 2 ml/min was ran over 45 hours. Figure 17.7 illustrates the
diﬀerential pressure evolution and the temporal derivative of the spline. The maximum dif-
ferential pressure reached for this experiment was ∼ 1080 mbar. It exhibits three ∆P slopes:
the ﬁrst one is ∼ 1.8 mbar/hour which runs over the ﬁrst 22 hours. Then long ∆P slope
of ∼ 62 mbar/hour featuring small and large ﬂuctuations of amplitude ∼ 200 mbar and ∼
600 mbar respectively. Finally at 38 hours of development, a pseudo-steady state seems to
be reached with regular ∼ 450 mbar downward peaks that do not seem to impact the global
diﬀerential pressure. These ﬂuctuations could be attributed to detached biomass. The spline
derivate curve clearly demonstrate a lag phase, followed by an increase and a steady state. It
also displays an additional small decrease at 24 hours. The ﬂow rate was very stable and the
graph is displayed in appendix C.3.
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Figure 17.7: Left: the diﬀerential pressure measurements (black) for 0.5 ml/min over 35 hours
and its smoothed trend by a spline function (red) or a Gaussian kernel (green). Right: the
ﬁrst temporal derivative of the spline.
The temperature evolution curve as well as the spline-derived permeability are displayed
in ﬁgure 17.8. The temperature data exhibits a main variation between 24.5℃ and 26℃ with
two night peaks. The ﬁrst one from the 4th hour to the 12th and the second one 28th to the
35th hours of development. The permeability curve displays a biased peak at the beginning,
it displays a lag phase and a steady decrease phase of about one order of magnitude.
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Figure 17.8: Left: the temperature measurements (black) for 0.5 ml/min over 35 hours and
its smoothed trend by a spline function (red) or a Gaussian kernel (green). Right: the
permeability curve, calculated from the spline.
137
The corresponding oxygen raw data and consumption curves are displayed in ﬁgure 17.9
only for the ﬁrst 15 hours as the eﬄuent optode broke during a budge in the optodes holder.
For this sample also, the process of ethanol cleaning does not seem to impact the measure-
ments. As the ﬂow rate has again doubled, this may suggest that the residence time of ethanol
is very short. Both optodes display slightly noisy data which are included in the 22 hour lag
phase in the diﬀerential pressure measurements. The consumption curve displays a cyclic
increase up to ∼ 3.5 mg/l.
Figure 17.9: Left: the measured oxygen concentration before (red) and after (blue) the porous
structure and their spline estimators (green). Right: the oxygen consumption curve.
17.2 Difference between flow rates
The samples analysed seem to exhibit between three and four ∆P slopes. The ﬁrst
one being always very slow, the second (and sometimes third) being much more rapid and
the third (and sometimes fourth) being a pseudo stationary state. From the raw data, it
could be observed that the higher the ﬂow rate, the more important were the amplitudes
and frequencies of the diﬀerential pressure ﬂuctuations. Tables 17.1 and 17.2 below lists the
principal information extracted previously.
Flow rate ∆P slopes 1st 2nd 3rd 4th
0.5 ml/min 4 1 mbar/h 28 mbar/h 14 mbar/h p.-steady
1 ml/min 4 (3) 1.25 mbar/h 90 mbar/h p.-steady -
2 ml/min 3 1.8 mbar/h 62 mbar/h p.-steady -
Table 17.1: Summary of ∆P slopes characteristics of the diﬀerent samples.
A summary plot with the splines of all samples along with their respective maximum DP
and ∆P slope is displayed in ﬁgure 17.10. It can be observed that, generally, the higher the
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Flow rate Duration Max. DP Amp. of ﬂuctuations Duration of 1st ∆P slope
0.5 ml/min 36 hours ∼ 460 mbar ∼ 150 mbar ∼ 15 hours
1 ml/min 43 hours ∼ 720 mbar ∼ 400 mbar ∼ 12 hours
2 ml/min 45 hours ∼ 1080 mbar ∼ 600 mbar ∼ 22 hours
Table 17.2: Summary of important features about the variation in diﬀerential pressure for
every sample.
ﬂow rate, the greater the maximum diﬀerential pressure reached and the larger the amplitude
of the ﬂuctuations. We can observe that at 2 ml/min, the initial lag phase was longer than
both 1 ml/min and 0.5 ml/min. The lag phase at 0.5 ml/min was 3 hours longer than at
1 ml/min. This suggests that the conditions were more favourable for bioﬁlm development
at 1 ml/min. The 1 ml/min curve also exhibited higher ∆P slopes for the second and third
phases than the 0.5 ml/min and 2 ml/min curves. The three curves seem to reach a pseudo-
steady state as ﬁnal stage. The 1 ml/mn and 0.5 ml/min curves being closer to each other
than to the 2 ml/min one.
The permeability curves show diﬀerent starting points which could be attributed to the
important noise ampliﬁcation from the inverse calculation of the Darcy formula with small
diﬀerential pressure measurements. To recall, from the control experiment at 1 ml/min, the
ending permeability was ∼ 2e−12 m2. This is close to the point where the three curves meet,
that is ∼ 3.5e−12 m2. A decrease in permeability of two orders of magnitude due to bioﬁlm
development can be observed while a decrease of one order of magnitude on control (no
bioﬁlm) experiments which could be due to heating and trapped bubbles. It can be noticed
that the three experiments seem to converge near the same ﬁnal permeability notably around
∼ 1e−13 m2 with the sample at 0.5 ml/min exhibiting the lowest value, that is ∼ 9e−14 m2.
It was followed by the 2 ml/min sample at ∼ 1e−13 m2 then the 1 ml/min at ∼ 2e−13 m2.
The lag phase at 2 ml/min can be assessed along with the rapid decrease at 1 ml/min.
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Figure 17.10: Summary graph of the information collected on the inﬂuence of ﬂow rate on the development on bioﬁlm during our
experiments. For clarity purposes, only the splines were plotted. The diﬀerent ∆P slopes are displayed as well as the amplitude of
ﬂuctuations and the maximum diﬀerential pressure reached.
1
4
0
Figure 17.11: Summary graph of the three permeability curves.
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17.3 Images analysis
Figure 17.12 illustrate the 3D images obtained from the segmented image following our
imaging protocol. Here, only the 1 ml/min sample is shown. Segmenting the images enabled
separating every phase namely porous strucutre, bioﬁlm and aqueous phase, and displaying
them independently.
The metrics extracted from the segmented images are listed in the table 17.3 below. The
percentage biomass corresponds to the volume of bioﬁlm normalised by the pore volume. The
initial porosity of the porous medium was ∼ 32 %.
Flow rate Growth time % biomass Final porosity
0.5 ml/min 35 hours 62.2 ∼ 11.8 %
1 ml/min 43 hours 79.0 ∼ 6.7 %
Table 17.3: Bioﬁlm volume and consequent ﬁnal porosity of the colonised porous medium
under two diﬀerent ﬂow rates namely 0.5 ml/min and 1 ml/min.
From the images, the spatial distribution of the bioﬁlm can be visualised. In ﬁgure 17.13,
the imaged samples at 0.5 ml/min and 1 ml/min are displayed. The same zone inside the
porous medium is visualised so as to compare the inﬂuence of ﬂow rate on the spatial distri-
bution of the biomass. The porous structure is in blue, the bioﬁlm is represented in green
and the ﬂuid ﬂow path (here enhanced by the contrast agent) in white. Some air bubbles
can be observed in grey in the 0.5 ml/min sample. Three diﬀerent regions inside the porous
structure are shown: the front, the middle and the back.
It can be observed that more pores are colonised at 1 ml/min as conﬁrmed by the extracted
metrics which showed that more biomass was present at this ﬂow rate. Additionally, the
larger pores were also better colonised at 1 ml/min than at 0.5 ml/min. This conﬁrms
that the growing conditions at 1 ml/min were more favourable for bioﬁlm development as
suggested by the analysis of the diﬀerential pressure curves. In both samples, bioﬁlm was
evenly distributed throughout the length and width of the porous medium even if the 0.5
ml/mn sample seemed to be slightly depleted on the top. This sample also exhibited several
bubbles preferentially located at the bottom left of the porous structure (see ﬁgure 17.14).
Their presence could have interfered with the hydrodynamical conditions inside the porous
structure. This may indicate that the bioreactor degassing protocol was not optimal. Other
techniques such as CO2 saturation could be implemented.
Many factors could have come into play in the bioﬁlm development, at these ﬂow rates,
that could contribute to the diﬀerences observed. For example, how the nutrient type and
concentration as well as the shear stress inﬂuenced the bioﬁlm mechanical properties and
especially the "critical shear stress" as introduced by Kim & Fogler [120]. Following Kim
et al [122] observations on clogging experiments at constant ﬂow rates, the Darcy’s velocity
shaped the morphology of bioﬁlm as well as initial time of clogging while substrate concen-
tration inﬂuenced the bioﬁlm density and the rate of clogging. The inﬂuence of transport of
nutrients, ﬂow properties and characteristic time scales for diﬀusion and reactions should also
142
XZ
Y
a) b)
c) d)
Front 
Middle
Back
Examined slices
Figure 17.12: 3D visualisation of a) porous medium and bioﬁlm, b) bioﬁlm only, c) porous
medium and ﬂow paths (enhanced by contrast agent) and d) ﬂow paths only.
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Slice 1 - front Slice 2 - middle Slice 3 - back
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X
Z
Figure 17.13: Comparison of the spatial distribution of biomass at two diﬀerent ﬂow rates
namely 0.5 ml/min and 1 ml/min.
be investigated along with biological aspects such as communication. More experiments along
with targetted simulations would be needed to draw conclusions on the diﬀerent physical and
biological features that were involved in the bioﬁlm development.
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Figure 17.14: 3D visualisation of bubbles only inside the porous medium of the 0.5ml/min
experiment, after segmentation. Their exact position along with their size and volume can
be measured from the images.
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Conclusions
In this chapter, we initially hypothesised that the ﬂow rate could have a signiﬁcant inﬂu-
ence on bioﬁlm response, development and evolution. We have implemented our methodology
on three bioreactors with ﬂow rate as the only varying parameter. Preliminary results show
that we were able to monitor diﬀerential pressure with high accuracy and identify ∆P slopes
and spline derivates which helped to understand the bioﬁlm activity and adaptation pro-
cesses during the experiments. Measuring oxygen consumption was more challenging due
to the sensitivity of oxygen solubility and of the sensors but also of the biological activity
which could also show non-linearities. Still, our measurements allowed a qualitative analysis
of bacterial activity and their uncertainty could be bounded by running more experiments
along with more complex statistical frameworks. The imaging protocol gave access to vol-
umetric quantiﬁcation and enabled to identify a fourth phase (bubbles) when present. The
extracted metrics could also be related to information from other monitored variables such as
diﬀerential pressure. Unfortunately, no bioﬁlm detachment could be observed using the spec-
trophotometer because leaks terminated the experiments before reaching the clogging phase.
Nevertheless, signiﬁcant information on the bioﬁlm development could be extracted from the
measurements. The analysis of 3 diﬀerent ﬂow rates enabled to determine one which had a
more favourable nutrient to shear ratio for rapid colonisation with a substantially high loss
in ﬁnal porosity.
We have demonstrated the capacity of our methodologies, both experimental and imaging,
for the monitoring and investigation of "bioﬁlm hydrodynamics" at diﬀerent ﬂow rates in a
replicated 3D-printed porous medium. Implementing the technical improvements proposed
in chapter III section 13 would considerably decrease the uncertainty of the system as well as
increase its reliability. The experimental methodology and imaging protocol are robust and
complementary. They unlock important information on the development of bioﬁlm inside the
porous structure which, coupled to simulations, would bring about interesting insights on the
diﬀerent mechanisms involved on the colonisation of a porous structure by a bioﬁlm.
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General conclusion
149

In this work, we have contributed to two important aspects regarding the study of bioﬁlm
in porous media.
The ﬁrst element was the limitation of imaging methods for opaque substrates for which
we proposed a 3D imaging protocol based on X-ray micro-tomography (XR CMT) using a
novel contrast agent (barium sulfate and agarose gel) to quantify the spatial distribution of
the bioﬁlm. This XR MT-based methodology was compared to two-photon laser scanning
microscopy (TPLSM) on controlled Pseudomonas Aeruginosa bioﬁlm grown in transparent
capillaries (glass) for validation. Then, the uncertainty associated to diﬀerent metrics namely
volume, 3D surface area and thickness, was evaluated via an imaging phantom and three
segmentation algorithms. Qualitative and quantitative 3D analysis showed that the proposed
contrast agent enabled a reliable observation of bioﬁlm using X-ray CMT with an uncertainty
comparable to TPLSM. The reproducibility and robustness of the XR CMT-based method-
ology was demonstrated. Experimenting with diﬀerent bacterial strains should evaluate its
range of applicability.
The second aspect was to provide a solution for the inquiries regarding the inﬂuence of
hydrodynamics on the development of bioﬁlm in porous media. As an attempt to tackle
this aspect, we have elaborated an experimental set up of a high level of sophistication com-
bining an innovative bioreactor produced by additive manufacturing and controlled by a
high-performance micro-ﬂuidic system. This workbench enabled to monitor in real-time the
evolution of transport properties (eﬀective permeability), O2 concentrations and expected
bioﬁlm detachment by spectrophotometry, all under controlled hydrodynamical stimuli. The
statistical data analysis allowed to identify speciﬁc colonisation patterns with diﬀerent vari-
ance. Our methodology enabled to investigate the inﬂuence of mechanical and biochemical
parameters on the colonisation of various porous media by providing control over the bioﬁlm
growth environmental factors, thus allowing the investigation of bioﬁlm development with
only one varying parameter whether bacterial strain, porous medium, pressure, ﬂow rate,
diﬀerential pressure, nutrient composition and concentration.
At last, we presented our ﬁrst results on the study of how ﬂow rate inﬂuences the temporal
development of a bioﬁlm inside a 3D-printed packed bed. Coupled with our 3D imaging
protocol, our methodologies provided an extremely interesting examination of multiple aspects
of bioﬁlm temporal evolution under constant ﬂow in a porous structure. We were able to
monitor diﬀerential pressure with high accuracy and identify diﬀerential pressure slopes and
spline derivates which helped to understand the bioﬁlm activity and adaptation during the
experiments. Measuring oxygen consumption was more challenging but allowed a qualitative
analysis of bacterial activity. The imaging protocol gave access to volumetric quantiﬁcation
and the extracted metrics could also be related to information from other monitored variables.
The analysis of 3 diﬀerent ﬂow rates enabled to determine one which had a more favourable
nutrient to shear ratio for rapid colonisation with a substantially high loss in ﬁnal porosity.
The experimental methodology and imaging protocol are robust and complementary, they
provide precious information on bioﬁlm hydrodynamics in a porous structure.
In conclusion, the thesis work proposes unique experimental and imaging methodologies
for the controlled growth characterisation and 3D imaging of bioﬁlms in porous media; while
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providing versatility in the control of the substrate’s micro-architecture, on the ﬂow as well as
on biochemical culture conditions. To our knowledge, the scientiﬁc approach followed, along
with the experimental apparatus, form the most complete methodology, at this time, for the
study of bioﬁlms in porous media.
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Perspectives
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We believe that the methodologies proposed in this work for characterisation of bioﬁlm
development and 3D imaging will be the basis of a multitude of other studies to either improve
its current limitations or to complexify some aspects. Replicates of experiments are needed so
as to obtain enough data for a more robust analysis. Both the growth and imaging protocol
require experimenting with other bacterial strains and especially at diﬀerent ﬂow rates to
evaluate the range of applicability of the methodologies. Temporal development curves could
be drawn and by changing the nutrient concentration, the tipping points at which shear rate
dominates over nutrient availability could be identiﬁed. Simulations on transport and ﬂow
properties involving biological aspects would also help to interpret the analysed data.
Concerning the experimental workbench, some perspectives were already mentioned pre-
viously such as experimenting under diﬀerent bio-chemical conditions, for instance, changing
the bacterial strain, modifying the nutrient composition and concentration and analyse EPS
constituents. A customized nutrient solution can also be fed to promote secretion of speciﬁc
polymers. The biological control could be taken to a higher level by adding pH sensors and
measurements of dissolved organic carbon or total organic carbon from the eﬄuent to more
precisely evaluate the nutrient consumption of the micro-organisms. This would require ef-
ﬁcient regular sampling through the use of devices such as fraction collectors for analysis.
Destructive sampling would also allow to analyse bioﬁlm density and EPS composition. The
bioreactor could also be slightly modiﬁed for the introduction of a tracer or another sub-
stance, for example a pollutant, and breakthrough curves could be used to analyse the tracer
absorption or annihilation by the micro-organisms.
Diﬀerent porous structures, could be tested but also re-meshed thicker or thinner to modify
transport properties. Also fractal porous media could provide insights on the preferred pore
sizes for colonisation. Simple porous media could be designed to analyse one aspect at a time,
for example a solid block with two pores only, a narrow one and a larger one, to assess the
temporal colonisation of each. Other porous structures exhibiting speciﬁc gradients such as
porosity or roughness could also give insights on the preferential colonisation spots but also
on bacterial motility. The bioreactor can be modiﬁed to accept a non-printed porous medium,
for example biological tissue or any biomedical material where colonisation by bacteria has to
be assessed. Destructive sampling could be used to study how colonisation by a bioﬁlm had
impacted the rigidity of the porous medium, via, for example modal analysis. This would
enable to resolve a structural coeﬃcient on the bioﬁlm EPS such as damping and poisson
coeﬃcient which could be of particular interest in case of carbonate precipitation.
Bioﬁlm workbenches bears the disadvantage of being constantly fouled and the need for
extensive cleaning and decontamination before and after each experiment in order to preserve
sensors and other instruments such as valves and connectors. A complete re-design of the
ﬂuidic circuit by switching as much plastic components with metallic ones would oﬀer the
advantages of being easily cleaned along with robustness, reliability and durability. This could
not have been initially designed because the workbench was elaborated as an iterative process.
Also, a unique graphical interface comprising every instrument would ease the running of the
experiments as well parameters settings. Data collecting under the same format along with
synchronisation of the measurements would save considerable time on processing.
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The imaging comparison protocol could be used to evaluate other contrast agents like gold
nanoparticles which can be both ﬂuorescent and X-ray absorbent. Other optical methods
such as optical coherence topography could also be tested and may be an alternative to
two-photon microscopy. This may resolve the heating issue of the sample due to excitation
with infra-red radiation and consequently enable to assess more reliably the eﬀects of the
contrast agent injection on bioﬁlm structures. Dynamic X-ray imaging would bring important
information about ﬂow pathways and channelling during colonisation. Beside having the
adequate X-ray machine, this perspective would require important technical modiﬁcations
for the acquisition process, notably clearing the porous structure surroundings from other
instruments for uniform X-ray penetration. The contrast agent would also have to be modiﬁed
as polymerised agarose gel only allows static imaging. Diluted barium sulfate suspension could
be an alternative as the settlement of the barium sulfate particle may be decreased if it is
under constant ﬂow. Other contrast agents, for example, X-ray absorbent beads such as
gold nano-particles or another tracer that would not penetrate inside the bioﬁlm could be
evaluated. MRI could also bring relevant information of the ﬂuid pathways if the spatial
resolution issue is resolved, by printing a larger bioreactor, for example.
The micro-tomography image processing could be improved by elaborating a segmentation
algorithm that would be more adapted to the sample, especially to decrease the uncertainty
on the bioﬁlm and contrast agent interface. A better statistical model could also be im-
plemented to analyse the monitored measurements such as ARIMA models which are well
adapted to chronological series with a highly correlated noise. A multi-variate analysis could
also bring important information on the relationship between two measured variables, such
as diﬀerential pressure and oxygen consumption or temperature. This would give insights
on bacterial activity during the diﬀerent development phases. Experimental data obtained
from the workbench could be employed to improve the accuracy of speciﬁc parameters in
reactive transport models of bioﬁlm colonised porous media, for example to predict transport
of contaminants.
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Appendix A
Chapter II complementary
experiments and image processing
A.1 Measuring the density of MicroOpaque BaSO4 suspension
For this experiment, the weight of known volumes of Micropaque® BaSO4 suspension
was measured using a precision balance in order to determine its density. The suspension
was well agitated and 10 ml of it was poured in a 15 ml beaker. An empty 5 ml beaker was
used to tar the precision balance. 1 ml of the barium sulfate suspension was micro-pipetted
into the beaker and the weight was noted down. This was repeated until there was 5 ml of
the barium sulfate suspension in the beaker. A new pipette piston was used every time. The
whole experiment was repeated and the results are illustrated in the table below.
Volume (ml) 1 2 3 4 5
Weight - sample 1 (g) 1.734 3.476 5.222 6.967 8.709
Weight - sample 2(g) 1.736 3.476 5.228 6.977 8.719
The results were plotted and the median value of the slopes was calculated.
1 2 3 4 5
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)
The ﬁnal result for the density of Micropaque® Barium Sulfate suspension is 1.74g/ml .
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A.2 Contrast agent rheology
The ﬂuid sample was placed on the plate and the 60mm cone was slowly positioned in it
as illustrated in ﬁgure A.1. The angle between the cone and the plate was α = 2°. A torque
C (unit N.m) was applied by turning the cone at an angular velocity Ω (unit rad/s). As the
plate remained in a ﬁxed position, the ﬂuid sample between the cone and the plate is sheared
at a shear rate of γ˙ (unit 1/s). The shear rate is hypothesized to be uniform as the distance
h increases with the speed as we go further from the centre. Spherical coordinates are used
to describe the phenomenon. The angular velocity Ω displaces the ﬂuid on a distance rϕ over
a height r tanα. The shear stress τ corresponds to the term σθϕ in the constrains tensor as
the ﬂuid is sheared in these directions only. The other non-normal terms of the stress tensor
are thus null.

h
Figure A.1: The ﬂuid sample is positioned between the cone and the plane. As an angular
velocity is applied to the cone, the plane remains ﬁxed, shearing the ﬂuid.
It is the viscosity µ (unit Pa.s) of the ﬂuid that communicates the shear stress τ (unit
Pa) from layer to layer. If we consider the ﬂuid as a generalized Newtonian ﬂuid, then the
relationship linking the shear stress τ to the shear rate γ˙ is:
τ = µγ˙ (A.1)
As α ≃ 0, it can be assumed that the shear rate γ˙ is homogeneous inside the ﬂuid. Thus γ˙
can be written as:
γ˙ =
Ω
α
(A.2)
Diﬀerent γ˙ are applied to the ﬂuid sample to measure if the viscosity µ of the ﬂuid changes
accordingly.
The shear stress τ can be deduced by the following expression:
τ =
3
2
C
πR3
(A.3)
The proof of expressions (A.2) and (A.3) are detailed below.
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The assumption are:
• Steady, laminar and isothermal ﬂow
• Negligible gravity and end eﬀects
• Angle α < 0.1rad (≃ 6°)
• Spherical liquid boundary
• vr = vθ = 0 and vϕ(r, θ)
R
, 
 r

The equations of motions in spherical coordinates are:
þer : −
ρv2θ
r
=
1
r2
∂
(
r2σrr
)
∂r
−
σθθ + σϕϕ
r
(A.4)
þeθ : 0 =
1
r sin θ
∂ (σθθ sin θ)
∂θ
−
cot θ
r
· σθθ (A.5)
þeϕ : 0 =
1
r
∂σθϕ
∂θ
+
2
r
cot θσθϕ (A.6)
Only equation A.6 concerns the shear stress. It is a diﬀerential equation in σθϕ and can
be analytically resolved as:
ln(σθϕ) = −2
∫
cot θdθ
= −2 ln sin θ +K1
=⇒ σθϕ =
K2
sin2 θ
where K1 and K2 are constants and therefore σθϕ is only a function of θ.
For the rheometer, the following equations apply. The shear stress γ is expressed by γ = u
d
where u is the displacement over a distance d. Therefore, here,
γ =
rϕ
r tanα
=
ϕ
α
(A.7)
The shear rate γ˙ is
γ˙ =
dγ
dt
=
1
α
dϕ
dt
=
Ω
α
(A.8)
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The torque C generated by the rotation of the cone can be expressed by:
C =
2pi∫
0
R∫
0
r2σθϕdrdϕ (A.9)
As σθϕ is independent of r and ϕ, equation A.9 can be simpliﬁed and re-written as:
C = σθϕ
2pi∫
0
R∫
0
r2drdϕ
= σθϕ
[
r3
3
]
2π
=⇒ σθϕ =
3C
2πr3
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A.3 Determining culture media concentration inhibiting bac-
terial development
For this experiment, samples of diﬀerent culture medium concentrations were prepared
and inoculated with bacteria. Five diﬀerent concentrations of Nutrient Broth (NB) were
tested with Pseudomonas Aeruginosa and three diﬀerent concentrations of Tryptic Soy Broth
(TSB) were tested with Escherichia Coli. The aim of this experiment was to determine
which culture medium concentration inhibited bacterial development at room temperature.
Nutrient Broth samples were prepared at 4×, 6×, 10×, 20× and 30× more than the normal
concentration (3 samples of each). Tryptic Soy Broth samples were prepared at 4×, 6× and
10× more than the normal concentration (3 samples of each). Solutions were prepared in
Erlenmeyer ﬂasks and autoclaved at 121℃. Solution were then placed in batches of 6 ml
in sterile centrifuge tubes for inoculation with their respective strains. One sample of each
concentration was kept as control and inoculation was done under recirculating hood. The
samples were incubated at room temperature for 72 hours - 24h more than the bioﬁlm growth
experiments for extra precaution.
After incubation, transmittance at 600nm was measured for every sample. The "zero
base" was performed for every new concentration with un-inoculated culture medium sample.
Results are listed in the table below:
Media
Concentration
4× 6× 10× 20× 30×
NB with P. A. (1) 45.37 40.21 52.5 98.17 95.7
NB with P. A. (2) 40.25 42.0 51.7 98.10 95.24
NB with P. A. (3) 30.8 45.1 57.5 98.24 95.36
TSB with E. C. (1) 16.6 86.9 87.65 - -
TSB with E. C. (2) 17.32 86.57 87.4 - -
TSB with E. C. (3) 18.63 87.8 88.4 - -
Table A.1: Percentage transmission of inoculated concentrated culture media.
The results were also plotted. It can be clearly observed that P. Aeruginosa’s development
was inhibited in a culture medium 20× and 30× more concentrated. For E. Coli, its growth
was inhibited in a culture medium 6× and 10× more concentrated.
The higher concentrated solutions (10 × and over) were dark in colour, especially NB 30×
and TSB 6× and over. We believe that this led to a less accurate transmittance measurement.
In order to take extra precaution for our experiment with bioﬁlm growth, we chose the 30×
more concentrated medium for P. Aeruginosa and 10× more concentrated medium for E.
Coli.
The samples were left in the incubator for three months. It could be observed that the
NB 20× more and TSB 6× more concentrated media, both got cloudy suggesting bacterial
development. The NB 30× more and TSB 10× more concentrated solution remained clear
conﬁrming our choice for concentrations inhibiting bacterial development.
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Figure A.2: Graph of percentage transmission of the inoculated concentration media.
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A.4 Point spread function reduction trials
As shown in ﬁgure A.3, the images obtained during the ﬁrst experiments were of very
good quality in the focal plane with a ﬁne resolution of 0.83 µm/pixel but highly elongated
in the Z direction which is the direction of penetration on the laser. This distortion is due to
the diﬀerent refractive indices the signal has to undergo to reach and leave the sample. The
resolution in this direction was 4.187 µm/pixel.
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y
Figure A.3: From left to right: image in the focal plane (XY) with resolution 0.83 µm/pixel,
image of the cross-section (XZ) highly distorted due to the point spread function with reso-
lution 4.187 µm/pixel, image of the side (YZ) also distorted because of the poor resolution in
Z.
This distortion rendered segmentation of the images and the comparison with X-ray to-
mographic images very diﬃcult. At ﬁrst, deconvolution of the images was tried using the
Huygens® Software, but the images were under-sampled at the required zoom to grab the
whole section of the ﬂow cell. As shown in ﬁgure A.4, simple deconvolution has slightly im-
proved the image but not enough to enable a reliable segmentation for comparison with X-ray
micro-tomography images.
Multi-view deconvolution, which is an image-J plug-in that computes one single image
from several 3D acquisitions (at diﬀerent angles) of the same sample, was used. The algo-
rithm recovers the signal intensity peaks at diﬀerent angles, given the individual point spread
function of each view, and deconvolves accordingly, to estimate the most probable image that
best merges all views. It involved rotating the ﬂow cell for at least two acquisitions at diﬀerent
angles and required inserting sub-resolution beads in the bioﬁlm as markers for registration of
the diﬀerent views. We designed a rotative device for the capillary and introduced ﬂuorescent
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Figure A.4: Left: original image in grays, right: deconvolved image using Huygens software.
A slight improvement is observed but not enough for a reliable segmentation and comparison
with X-ray tomographic images.
blue beads during the bioﬁlm growth. Unfortunately, the beads were deformed (see ﬁgure
A.5) by the point spread function and recovering the signal was impossible.
b)a) c)
Figure A.5: Bioﬁlm grown with sub-resolution blue ﬂuorescent beads. a) Bioﬁlm, b) embedded
blue beads (brightness was increased to enable a better visualisation). c) beads deformed by
point spread function.
The acquisition process was thus improved by reducing the refractive index of the sample.
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An water immersion lens to remove the refractive index of air was used along with the design
of an integrated pool to the ﬂow cell holder. A capillary made of a polymer having the same
refractive index as water (PTFE) was also tested to remove the artefact due to glass. Figure
A.6 illustrates the trials for imaging using an immersion lens. The point spread function was
drastically reduced for both samples.
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Figure A.6: PTFE and glass ﬂow cells with bioﬁlm. Images of focal plane (XY) and cross
section (XZ).
The resolution for these images were slightly poorer in the focal plane than with the
10x (1.186 µm/pixel instead of 0.83 µm/pixel) due to the required zoom to grab the whole
cross-section of the capillary. On the opposite, it was remarkably improved in the Z direction
where it was 1.5 µm/pixel instead of 4.187 µm/pixel. It could also be observed that the PTFE
material emitted some autoﬂuorescence that could be misinterpreted for bioﬁlm.
To further reduce the point spread function, simple deconvolution was also performed as
detailed in Chapter II section 6.
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A.5 Bright-field microscopy control measurements
This imaging technique was selected as second control for the phantom measurements as
it is one of the most classical observation technique. A Leica DM RXA2 microscope along
with a pco.dimax S high speed camera were used.
For imaging, 0.5 µl of the bead solution was diluted in 40 µl of phosphate buﬀer solution.
A drop of the mixture was placed on a glass slide and enclosed with a lamella. An image was
taken at a zoom of 20x at a pixel resolution of 0.2 µm/pixel.
The 2D image shown in ﬁgure A.7 was ﬁltered using an edge-preserving smoothing algo-
rithm which is a ﬁlter that models the physical process of diﬀusion by levelling the diﬀerence
between grey levels of neighbouring voxels. It is similar to a Gaussian ﬁlter except that it
does not smear out the edges because the smoothing of the grey levels is reduced or stopped in
their vicinity. The image was then processed with a morphological Laplacian which computes
an edge detection via an average of disc erosions and dilatations, minus the parent image.
Once the beads were localized, the image was binarized using a hysteresis thresholding
and the diameters of the beads were then extracted following the same protocol as described
in section 6.6). It can be observed in ﬁgure A.7 that the segmented beads contour well
corresponded to the grey image.
Figure A.7: Image of the beads obtained with bright-ﬁeld microscopy in grey levels (left)
and processed and binarized image (right). Visual observation conﬁrm the accuracy of the
processing and binarization.
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A.6 Filling hollow biofilm structures from TPLSM images
In order to properly ﬁll the voids generated by ﬂuorescence shielding, the capillary wall
below the structure had to be restored as illustrated in ﬁgure A.8, where the capillary corner
is under reconstruction.
Thin biolm on 
capillary wallVoid biolm structure visible 
contour
Capillary corner under 
reconstruction
Void structure
Figure A.8: 3D bioﬁlm structure in turquoise, formed on the capillary corner. Original signal
has a rough surface as shown with the arrow indicating thin bioﬁlm structure on the capillary
wall. Restored signal is smooth and signal under reconstruction is red as shown by the top
arrow. The contour of the void structure on the capillary wall is drawn in black. The signal
from inside the corner corresponds to the contour of the bioﬁlms structure.
To restore invisible capillary wall, the orthogonal views of the image was used (see ﬁg-
ure A.9). Under the assumption that the furthest signal perceived in bioﬁlm formed on the
capillary wall, a straight line is drawn from this feature to the end of the image. This is done
on several slides and the lines are then connected by using the "Interpolate " function. As it
can be observed, the capillary corner is slowly being restored.
Once the capillary wall is restored, the void structure is manually ﬁlled on slides where
there is enough signal. Care is taken not to draw excess signal. The "Interpolate" function
is again used to automatically ﬁll the remaining slices. It is then veriﬁed that no excess
signal has been introduced and that the interpolated signal lies within perceived signal. The
orthogonal views are also used as a check as illustrated in ﬁgure A.10.
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Figure A.9: 3D bioﬁlm structure in turquoise on upper left images and orthogonal views
on the other screens. Bottom left image shown straing line being drain from the furthest
perceived signal. This is done on several slices and it can be seen on the other views that the
part under restored corresponds to the capillary corner.
This procedure was performed on every binary image acquired by the three segmentation
techniques (hysteresis, watershed and region growing), for each hollow structure. This cum-
bersome image processing was nevertheless necessary as it has drastically improved volume
measurements of TPLSM.
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Figure A.10: Void structure being ﬁlled, interpolation result displayed on upper right image.
Orthogonal views conﬁrm that no extra signal is being inserted. Upper left image shows 3D
image of structure.
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Appendix B
Chapter III complementary
experiments and image processing
B.1 3D-printed parts detailed plans
Some printed parts are illustrated in ﬁgure B.1. They are adapted to slide in the Norcan
® shaving rail and their position can be ﬁxed with a slider (also 3D printed). Their plans are
all shown in the ﬁgures B.2, B.3 andB.4, they consist of front, side and top views of the parts.
Sometimes section views are also displayed with a letter corresponding to the cross-section.
Figure B.1: 3D printed holders for sensors, bioreactor and camera. All of them can slide in
the Norcan shaving ’rail’ and be held in place with the ﬁxable gib.
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Flow sensor holderFixable slider
Bioreactor holder
Figure B.2: Top, front and section views of the ﬁxable slider, bioreactor holder and ﬂow sensor holder.
1
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Pressure sensor holder
Syringe mounted optode holder
Figure B.3: Top, front and section views of the pressure sensor holder and front and side views of the syringe-mounted optode holder.
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Camera holder (bottom)
Camera holder (top)
Camera holder (sliding base) Camera holder (trunk)
Figure B.4: Camera positioning devices parts: the camera holders for the top and bottom optodes which ﬁt and rotate in the trunk,
itself ﬁtting and rotating within the base.
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B.2 Design plans for bioreactor
The plans for the bioreactor are displayed below. The front and side views along with
their respective section views are illustrated.
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Figure B.5: Front and side main views of the bioreactor, their respective cross-section views are named by a letter and represented
by a line crossing the main front or side view.
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B.3 Darcy equations for permeability
From the generalized form
þq = −
κ
µ
(
þ∇p− ρþg
)
(B.1)
we consider only the þz direction by multiplying by eþz which simpliﬁes the equation to:
q = −
κ
µ
(
dp
dz
− ρg
)
(B.2)
By integrating over the porous medium’s length L, we obtain:
qL = −
κ
µ
(∆p− ρgL) (B.3)
and, as L = 0.001 m, ρ = 1000 kg/m3 and g = 9.81 m/s2, ρgL = 98, 1 Pa. Our experiments
are at the scale of at least 100 mbar, which corresponds to 10000 Pa. The eﬀects of gravity
can thus be neglected. We are therefore left with:
qL = −
κ∆p
µ
(B.4)
and by replacing q = Q
A
and choosing ∆p as P2− P1, we obtain:
κ =
QµL
A∆P
(B.5)
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B.4 Residual curves
Both the residual versus order (plotted over time) and residual versus ﬁtted (plotted
against diﬀerential pressure) curves shows two distinct oscillatory phase with low and high
amplitudes respectively as illustrated in ﬁgure B.6. These two phases are illustrated in ﬁgures
B.7 and for the order and ﬁtted curves respectively. These oscillations seem highly correlated
could contain important information on the bioﬁlm activity.
Figure B.6: Residual versus order and residual versus ﬁtted curves.
Figure B.7: The two phases of the residual versus order curves. The data seems highly
correlated.
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Figure B.8: The two phases of the residual versus ﬁtted curves. The data seems highly
correlated.
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B.5 Permeability from raw data
Below are illustrated the permeability curve if the diﬀerential data are not thresholded
and the histogram of the DP values showing which ones (<0.001 bar) which were thresholded.
Figure B.9: The thresholded values of diﬀerential pressure and the un-thresholded permeabil-
ity curve.
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B.6 Filtering raw oxygen data
In order to ﬁlter the raw oxygen data from ethanol peaks, the measurements were pro-
cessed so as to remove any points corresponding to a steep (> 10 mg/L/hour) slope were
removed. Figure illustrate such ﬁltering
Figure B.10: The ﬁltered values for oxygen measurements. The selected values for the spline
are in green. Top left: sample at 0.5 ml/min, top right sample at 1 ml/min and bottom
sample at 2 ml/min.
Filtering in the Fourier space was also tested but signiﬁcant border eﬀects were generated
both in a low pass ﬁlter and choice of modulus band as shown in ﬁgures B.11 and B.12. This
method thus was discontinued.
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Figure B.11: Filtering the low frequencies in Fourier
Figure B.12: Choosing a modulus band in Fourier
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B.7 Additional control curves at 1 ml/min
In these control experiments, the inﬂuence of UVC disinfection and bubbling on the inlet
concentration of oxygen as well as on diﬀerential pressure measurements. Two bioreactor
were used and were degassed as described in chapter IV section 16. Two reservoirs were
cleaned, ﬁlled with ultra-pure water and bubbled with oxygen for 24 hours. No nutrient were
fed during these experiments to ensure no contamination. The circuit was then set up as in
chapter IV section 16 with only pressure and oxygen sensors and only one reservoir being UV
disinfected. Flow was then set at 1 ml/min. The temperature and pressure curves are shown
in ﬁgure B.13.
Figure B.13: Diﬀerential pressure curves for an O2 bubbled reservoir with UV (left) and
without UV (right).
The next day, the ﬂow was stopped and the valves closed to prevent the emptying of the
bioreactor due to gravity. The reservoirs were emptied, cleaned and reﬁlled with ultra-pure
water and only one was UV disinfected. The bioreactors were not changed, therefore, their
ﬁnal conductivity in the previous experiment was their starting value in this one. The circuit
was reset to remove bubbles from the tubing as well as visible ones from the bioreactor. The
ﬂow was again set to 1 ml/min and measurements were saved. The temperature and pressure
curves are shown in ﬁgure B.14 below.
As described in chapter III section 12, the pressure showed an increased with UV dis-
infection or bubbling with O2, which is believed to be the consequence of an increase in
temperature for the former and trapped bubbles in the porous medium for the latter.
For the two experiments bubbles were observed in the bioreactor and in the tubing to the
pressure sensors. They are believed to come from the main reservoir or initially trapped in
the ﬂow sensors and/or valves.
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Figure B.14: Diﬀerential pressure curves for a non-bubbled reservoir with UV (left) and
without UV (right).
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Appendix C
Chapter IV complementary
experiments and image processing
C.1 Oscillating flow paths in preliminary experiments
Two preliminary sets of experiments were conducted at 1 ml/min and 2 ml/min before
the complete workbench. The bioreactors did not have the quartz slides with UVC targetted
before and after the porous medium, nor the continuous oxygen measurements. The diﬀeren-
tial pressure curves obtained for each ﬂow rate are overlaid and shown in ﬁgure C.1. It can
be observed that at 1 ml/min the experiments seem to reach a pseudo-steady state whereas
the samples at 2 m/min continue to oscillate.
200
1000 l/min (Re 2.02 )
400
600
800
1000
Day 0
0
Day 1 Day 2
2000 l/min (Re 4.04 )
1200
800
400
0
Day 0 Day 1 Day 2
Figure C.1: Overlaid pressure curves for the experiments at 1 ml/min (left) and 2 ml/min
(right).
We hypothesised that ﬂuctuating ﬂow paths and bioﬁlm detachment dictated the mor-
phology of the bioﬁlm distribution inside the porous structure. We imaged the samples with
one at 2 ml/min stopped at the peak of the diﬀerential pressure curve and the second one
at the trough. The images displayed illustrate the aqueous phase and thus the ﬂow paths,
and are shown in ﬁgure C.2 for the 1 ml/min sample and ﬁgure C.3 for the 2 ml/min. Inter-
esting information could be visualised with the ﬂow paths and this experiment encouraged
developing a more robust characterisation.
185


Figure C.2: Flow paths image for the experiments at 1 ml/min
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Figure C.3: Flow paths image for the experiments at 2 ml/min
186
C.2 Permeability curves from raw measurements
The raw permeability curves for the experiments at 1 ml/min and 2 ml/min are shown in
ﬁgure C.4.
Figure C.4: Raw permeability curves for the experiments at 1 ml/min (left) and 2 ml/min
(right)
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C.3 Flow curves
The ﬂow curves for the samples at 0.5 ml/min, 1 ml/min and 2 ml/min are displayed in
ﬁgures C.5 and C.6. The ﬂow rate was very stable with 95 % of the measurements in between
the green lines. The rapid stabilisation of the system as soon as a ﬂuctuation was measured
ensured that the ﬂow rate was maintained at best.
Figure C.5: Raw ﬂow curves for the experiments at 0.5 ml/min (left) and 1 ml/min (right).
Figure C.6: Raw ﬂow curves for the experiment 2 ml/min.
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May 2017 9th International Conference on Porous Media & Annual Meeting, Rotterdam *
X-ray Microtomography Imaging of Biofilms in Porous Media
A. E. Larue, P. Swider, P. Duru, M. Quintard, Y. Davit
October 2016 13ème Journée d’Étude sur les Milieux Poreux, Anglet *
Imagerie de Biofilms en Milieux Poreux par Micro-Tomographie X
A. E. Larue, P. Swider, P. Duru, M. Quintard, Y. Davit
June 2016 Bioﬁlm7, Porto
X-ray Imaging of Biofilms in Porous Media
A. E. Larue, P. Swider, P. Duru, M. Quintard, Y. Davit
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Imagerie de Biofilms en Milieux Poreux par Microtomographie X
A. E. Larue, P. Swider, P. Duru, M. Quintard, Y. Davit
July 2015 Workshop Ingénierie et Bioﬁlm, Toulouse
Imagerie de Biofilms en Milieux Poreux par Microtomographie X
A. E. Larue, P. Swider, P. Duru, M. Quintard, Y. Davit
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Nov. 2017 Quantitative 3D comparison of biofilm imaged by
X-ray micro-tomography and two-photon laser scanning microscopy
A. E. Larue, P. Swider, P. Duru, D. Daviaud, M. Quintard, Y. Davit
submitted to Journal of Microscopy (in revision).
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Abstract — Bioﬁlms are microbial communities developing at the interface between two
phases, usually solid-liquid, where the micro-organisms are nested in a self-secreted polymer
matrix. The bioﬁlm mode of growth is predominant in nature (for e.g. the slimy matter
forming on rocks at river bottoms, the viscous deposit in water pipes or even dental plaque)
and confers a suitable environment for the development of the micro-organisms. This is par-
ticularly the case for porous media which provide favourable substrates given their signiﬁcant
surface to volume ratio. The multi-physical framework of bioﬁlms in porous media is highly
complex where the mechanical, chemical and biological aspects interacting at diﬀerent scales
are poorly understood and very partially controlled. An example is the feedback mechanism
between ﬂow, spatial distribution of the micro-organisms and the transport of nutrient (by
diﬀusion and advection). Bioﬁlms developing in porous media are a key process of many en-
gineering applications, for example bioﬁlters, soil bio-remediation, CO2 storage and medical
issues like infections. Progress in this domain is substantially hindered by the limitations of
experimental techniques in metrology and imaging in opaques structures. The main objective
of this thesis is to propose robust and reproducible experimental methodologies for the inves-
tigation of bioﬁlms in porous media. An experimental workbench under controlled physical
and biological conditions is proposed along with a validated 3D imaging protocol based on
X-ray micro-tomography (XR MT) using a novel contrast agent (barium sulfate and agarose
gel) to quantify the spatial distribution of the bioﬁlm.
At ﬁrst, the XR MT-based methodology is compared to a commonly used techniques
for bioﬁlm observation: one or multiple photon excitation ﬂuorescence microscopy, here two-
photon laser scanning microscopy (TPLSM). This comparison is performed on Pseudomonas
Aeruginosa bioﬁlms grown in transparent glass capillaries which allows for the use of both
imaging modalities. Then, the study of uncertainty associated to diﬀerent metrics namely
volume, 3D surface area and thickness, is achieved via an imaging phantom and three dif-
ferent segmentation algorithms. The quantitative analysis show that the protocol enables a
visualisation of the bioﬁlm with an uncertainty of approximately 17% which is comparable
to TPLSM (14%). The reproducibility and robustness of the XR MT-based methodology is
demonstrated. The last step of this work is the achievement of a novel bioreactor elaborated
by additive manufacturing and controlled by a high-performance micro-ﬂuidic system. The
experimental workbench that we have designed enables to monitor in real-time the evolution
of transport properties (eﬀective permeability), O2 concentrations and bioﬁlm detachment
by spectrophotometry, all under controlled hydrodynamical conditions. Our methodology
allows to investigate the inﬂuence of biophysical parameters on the colonisation of the porous
medium, for example, the inﬂuence of ﬂow rate or nutrient concentration on the temporal
development of the bioﬁlm.
In conclusion, the thesis work proposes a robust and reproducible experimental method-
ology for the controlled growth and 3D imaging of bioﬁlms in porous media; while providing
versatility in the control of the substrate’s micro-architecture as well as on the ﬂow and bio-
chemical culture conditions. To our knowledge, the scientiﬁc approach followed, along with
the experimental apparatus, form the most complete methodology, at this time, for the study
of bioﬁlms in porous media.
Keywords: Bioﬁlms; Porous media; 3D imaging; X-ray micro-tomography; Two-photon
microscopy; Hydrodynamic eﬀects; 3D printing.
Résumé — Les bioﬁlms sont des communautés microbiennes se développant sur des in-
terfaces, en particulier solide-liquide, où les micro-organismes sont enrobés dans une matrice
polymérique auto-sécrétée. Le mode de vie sous forme de bioﬁlm est prédominant dans les
milieux naturels (par e.g. la texture glissante des fonds de rivières, les dépôts visqueux des
canalisations et la plaque dentaire) et confère aux micro-organismes un environment propice
à leur développement. Ceci est particulièrement vrai dans des milieux poreux qui, de part
leur important ratio surface/volume, constituent des substrats favorables à la colonisation.
Le cadre des bioﬁlms en milieux poreux forme une complexité multi-physique d’ordre élevée
dans laquelle interagissent des mécanismes physiques, chimiques et biologiques multi-échelles
encore mal compris et très partiellement maîtrisés. La rétroaction entre l’écoulement, la
distribution spatiale des micro-organismes et le transport de nutriments (par diﬀusion et ad-
vection) en est un exemple. Le développement de bioﬁlms en milieux poreux est au centre de
multiples procédés d’ingénierie, tel que les bio-ﬁltres, la bio-remédiation des sols, le stockage
de CO2, et de problèmes médicaux comme les infections. Un verrou signiﬁcatif à l’avancée
des connaissances est la limitation des techniques exploratoires en métrologie et imagerie dans
des milieux opaques. L’objectif principal de cette thèse est la proposition de méthodologies
expérimentales reproductibles et robustes permettant l’étude de bioﬁlms en milieux poreux.
Un dispositif expérimental en conditions physiques et biologiques contrôlées est proposé. De
plus, un protocole d’imagerie 3D basé sur la micro-tomographie à rayons X (MT RX) associé
à l’utilisation d’un nouvel agent de contraste (sulfate de baryum et gel d’agarose), est validé
aﬁn de quantiﬁer la distribution spatiale du bioﬁlm.
Dans un premier temps, la méthodologie MT RX est comparée à une des méthodes les
plus utilisées pour la visualisation de bioﬁlms : la microscopie photonique par ﬂuorescence,
ici bi-photonique (MBP). Cette comparaison est réalisée pour des bioﬁlms de Pseudomonas
Aeruginosa développés dans des capillaires transparents en verre, ce qui facilite l’application
des deux modalités. Dans un second temps, une étude des incertitudes liées à l’imagerie est
réalisée à travers l’évaluation de diﬀérentes métriques (volume, surfaces 3D, épaisseurs) pour
un fantôme d’imagerie et trois algorithmes de segmentation diﬀérents. Les analyses quanti-
tatives montrent que le protocole de MT RX permet une visualisation du bioﬁlm avec une
incertitude d’environ 17%, ce qui est comparable à la MBP (14%). La reproductibilité et la ro-
bustesse de la méthodologie MT RX est démontrée. La troisième étape du travail de recherche
permet d’aboutir au développement d’un bioréacteur innovant élaboré par fabrication addi-
tive et contrôlé par un système micro-ﬂuidique de haute précision. Le dispositif expérimental
que nous avons conçu permet de suivre en temps réel l’évolution des propriétés de transport
(perméabilité eﬀective), les concentrations en O2 et le détachement de bioﬁlm par spectropho-
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tométrie ; ceci pour des conditions hydrodynamiques contrôlées. Notre méthodologie permet
d’étudier l’inﬂuence de paramètres biophysiques sur la colonisation du milieu poreux, par ex-
emple l’inﬂuence du débit ou de la concentration de nutriments sur le développement temporel
du bioﬁlm.
En conclusion, ce travail de thèse propose une méthodologie expérimentale reproductible
et robuste pour la croissance contrôlée et l’imagerie 3D de bioﬁlms en milieux poreux en
apportant la versatilité du contrôle de la micro-architecture du milieu, de l’écoulement et des
conditions biochimiques de culture. A notre connaissance, l’approche scientiﬁque suivie et les
dispositifs expérimentaux associés constitue la méthodologie la plus complète à ce jour, pour
l’étude de bioﬁlms en milieu poreux.
Mots clés : Bioﬁlms ; Milieux poreux ; Imagerie 3D ; Micro-tomographie à rayons X ;
Microscopie bi-photonique ; Eﬀets hydrodynamiques ; Impression 3D.
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